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Abstract 



This thesis presents a theoretical analysis of the properties of the Higgs bosons in the Stan- 
dard Model (SM) and the minimal supersymmetric extension (MSSM), which can be investi- 
gated at the LHC and e^e~ linear colliders. The final goal is the reconstruction of the Higgs 
potential and thus the verification of the Higgs mechanism. MSSM Higgs boson production 
processes at future 77 colliders are calculated in several decay channels. Heavy scalar and 
pseudoscalar Higgs bosons can be discovered in the bb final state in the investigated mass 
range 200 to 800 GeV for moderate and large values of tan /3. The t+t~ channel provides 
a heavy Higgs boson discovery potential for large values of tan (3. Several mechanisms that 
can be exploited at e^e~ linear colliders for the measurement of the lifetime of a SM Higgs 
boson in the intermediate mass range are analysed. In the WW mode, the lifetime of Higgs 
scalars with masses below ~ 160 GeV can be determined with an error less than 10%. The 
reconstruction of the Higgs potential requires the measurement of the Higgs self-couplings. 
The SM and MSSM trilinear Higgs self- couplings are accessible in double and triple Higgs 
production. A theoretical analysis is presented in the relevant channels at the LHC and e+e~ 
linear colliders. For high luminosities, the SM trilinear Higgs self-coupling can be measured 
with an accuracy of 20% at a 500 GeV e+e^ linear collider. The MSSM coupling among 
three light Higgs bosons has to be extracted from continuum production. The other trilinear 
Higgs couplings are measurable in a restricted range of the MSSM parameter space. At the 
LHC, the Hhh coupling can be probed in resonant decays. 



ZUSAMMENFASSUNG 

Diese Doktorarbeit prasentiert eine theoretische Analyse der Eigenschaften von Higgsteilchen 
im Standard Modell (SM) und der minimalen supersymmetrischen Erweiterung (MSSM), die 
am LHC und e^e~ Linearcollidcrn untersucht werden konnen. Das Ziel ist, das Higgspoten- 
tial zu rckonstruieren und dadurch den Higgsmechanismus zu iiberpriifcn. Fiir die MSSM 
Higgs-Boson Produktion an zukiinftigen 77-Beschleunigern werden Prozesse in verschiede- 
nen Zerfallskanalen berechnet. Schwere skalare und pseudoskalare Higgs-Bosonen konnen 
im hb Endzustand im gesamten untersuchten Massenbereich von 200 bis 800 GeV fiir mit- 
tlere und groBe Werte von tan/? cntdcckt werden. Der r+r" Kanal erlaubt die Entdeckung 
von schweren Higgs-Bosonen fiir groBc Werte von tan j3. Es werden mehrere Mechanismen 
untersucht, die an e+e~ Linearbeschleunigern fiir die Lebensdauerbestimmung eines Higgs- 
Bosons im intermediaren Massenbereich verwendet werden konnen. Im l^Vl^-Kanal kann 
die Lebensdauer von Higgs- Skalaren, die leichter als ~ 160 GeV sind, mit einem Fehler von 
weniger als 10% bestimmt werden. Die Rckonstruktion dcs Higgspotentials erfordert die 
Messung der Higgs- Selbstkopplungen. Die trilinearen Higgs-Kopplungen des SM und des 
MSSM sind in der Produktion von zwei und drei Higgsteilchen zuganglich. Es wird eine 
theoretische Analyse in den am LHC und an e^e~ Linearbeschleunigern relevanten Kanalen 
durchgefiihrt. Bei hohen Luminositaten kann die trihneare Higgs-Selbstkopplung des SM mit 
einer Genauigkeit von 20% an einem 500 GeV e^e~ Linearbeschleunigcr gcmessen werden. 
Die MSSM Kopplung zwischen drei leichten Higgs-Bosonen muB in der Kontinuumsproduk- 
tion ermittelt werden. Die iibrigen trilinearen Kopplungen sind in einem eingeschrankten 
Parameterbereich des MSSM-Parameterraumes meBbar. Am LHC kann die if/i/i-Kopplung 
in resonanten Zerf alien untersucht werden. 
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Chapter 1 
Introduction 



The Standard Model of particle physics (SM) combines the electroweak and strong inter- 
actions based on the local SU{3) x SU{2)l x U{1)y gauge group. The electroweak gauge 
fields W^, Z and the photon field A correspond to the four generators of the non-abelian 
SU{2)l X U{1)y gauge group whereas the eight generators of the colour group SU{?>) are 
associated with the equivalent number of gluons. The interaction between matter and gauge 
fields is incorporated in the theory by minimal substitution which replaces the partial deriva- 
tives in the Lagrangean with the covariant ones including the couplings related to the various 
gauge groups. At this stage matter and gauge fields are still massless in contradiction to 
the experimental observation. Introducing explicit mass terms, however, would violate the 
gauge invariance and lead to a non-renormalizable theory with an infinite number of param- 
eters to be adjusted by the experiment. Another difficulty arises due to the violation of the 
unitarity bounds at high energies by the scattering amphtudes of the massive /Z bosons 
and fermions. 

A way out is provided by introducing an additional weak isodoublet scalar field 
One of the four degrees of freedom corresponds to a physical particle, the so-called Higgs 
boson. The self-interaction of the scalar field leads to an infinite number of degenerate 
ground states with non-zero vacuum expectation value (VEV) v = {V2Gf)~^^^ ^ 246 GeV. 
By choosing one of them as physical ground state, the SU{2)l x U{1)y symmetry is hidden 
with the U{l)em symmetry left over. The Higgs couplings to other particles are defined 
by the constraint set by unitarity. Through the interaction with the scalar field in the 
ground state, the electroweak gauge bosons and the fundamental matter particles acquire 
their masses. The non-vanishing field strength, essential for the non-zero particle masses, 
is induced by the typical minimax form of the Higgs potential. After the "spontaneous 
symmetry breaking" the three Goldstone bosons among the four degrees of freedom of the 
Higgs doublet are absorbed to provide the longitudinal modes for the massive Z and 
gauge bosons. Since all the Higgs couplings are predetermined, the parameters describing 
the Higgs particle are entirely fixed by its mass. This is the only unknown parameter in the 
SM Higgs sector [|, |. 

The Standard Model is in very good agreement with electroweak precision tests at LEP, 
SLC, Tevatron and HERA. In some cases it has been tested to an accuracy better than 
0.1%. Up to now, the only deviation from the Standard Model has been the experimental 
indication of massive neutrinos, which can be embedded in the SM by introducing a mass 
term for neutrinos in the Yukawa Lagrangean. This strongly limits possible forms of new 
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physics. Models that preserve the SM structure (extended by the neutrino mass term) are to 
be favoured. In this respect a promising candidate for possible extensions is supersymmetry 

In view of the impressing success of the SM one may ask of course why to consider 
extensions to new physics. The reason is that the SM implies many unanswered questions. 
The extrapolation of the model to high energies indicates a unification of all three gauge 
couplings at mass scales of the order of Mqut ~ 10^^ — 10^^ GeV [0 (Grand Unified Theories 
cut's). If one assumes new physics to set in at the GUT scale, the SM will be valid in a mass 
range between the relative small weak scale of the order of {^/2Gf)~^^'^ ~ 246 GeV set by the 
Higgs mechanism and Mqut given by the grand unification scale. Quantum fluctuations, 
however, lead to large corrections of the Higgs mass at high scales. In order to keep the 
Higgs mass stable in the presence of the large GUT scale, the considerable corrections have 
to be absorbed in the mass counterterms leading to a finetuning of the Higgs parameters. 

A stabilization of the separation between the electroweak and the GUT scale is provided by 
the introduction of supersymmetry (SUSY) which incorporates the most general symmetry 
of the S-matrix. Within the framework of supersymmetry the masses of the scalar particles 
remain moderate even in the presence of high energy scales. This is due to supersymmetry 
representing a connection between fermionic and bosonic degrees of freedom so that quantum 
corrections arising from the two particle types cancel each other. Even in softly broken 
supersymmetry the leading quadratic singularities vanish and are replaced by logarithmic 
divergences. Furthermore, SUSY GUT's lead to a prediction of the electroweak mixing angle 
1^ that is in very good agreement with present high-precision measurements of siv? 6w A 
minimal realization of supersymmetry is given by the Minimal Supersymmetric extension of 
the Standard Model, the MSSM i, |, |. 

The Higgs mechanism described above is a basic ingredient of the electroweak sector both 
of the Standard Model and the MSSM. So far, however, it has not been verified experimen- 
tally. In order to establish this most important aspect for the consistent formulation of an 
electroweak theory experimentally, three steps have to be performed. 

1. First of all the Higgs particle (s) must be discovered. 

2. In a second step, the Higgs couplings to the fermions and gauge particles have to be 
determined via the partial decay widths and the Higgs production cross sections. 

3. In order to finally reconstruct the Higgs potential, the trilinear and quadrilinear Higgs 
self-couplings have to be measured. 

The discovery of a scalar particle alone will not reveal the mechanism by which the funda- 
mental particle masses are generated. Only the knowledge of the Higgs self-interaction will 
allow for the determination of the explicit form of the Higgs potential. 

In this work the procedure for the experimental verification of the Higgs sector will be 
analysed. For this task the picture of the Higgs particle will be evolved in the three steps 
described in the previous paragraph. For reasons resumed above not only the SM but also 
a supersymmetric extension, the MSSM which involves five physical Higgs particles 0, ^ |^, 
will be considered. The theoretical foundations will be developed and the experimental 
implications at the Large Hadron Collider H, which is constructed for a cm. energy of 



14 TeV, and at high energy e'^e linear colliders |]10l will be discussed. The total integrated 
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luminosity for the LHC is j C = 100 ih~^ after 3 years, e+e^ linear colliders are planned to 
run in the energy range between 500 GeV and 1 TeV, possibly extending later up to 5 TeV. 
For the TESLA design this corresponds to an integrated luminosity of j C = 300 fb^^ per 
year at 500 GeV and of 500 fb~^ for a cm. energy of 800 GeV [jlO| . 



The structure of the thesis which reflects the experimental scheme to be pursued is as 
follows. Chapter 2 will start with the setting of the scene by describing the SM Higgs 
couplings and the MSSM Higgs sector from the theoretical point of view. 

The third Chapter will be devoted to the Higgs boson search at pp colliders and in e~^e~ 
collisions. First, the production mechanisms will be reviewed before turning on to the per- 
spectives for the Higgs discovery in the diverse decay channels at the two collider types. The 
final picture will display a parameter region in which the discovery of the heavy MSSM Higgs 
bosons will be difficult if not impossible. Therefore the production and discovery potential in 
the 77 mode at e'^e" linear colliders will be analysed. Using Weizsacker- Williams photons for 
the production of Higgs bosons provides too small a number of events. The rate is sufficiently 
large, however, if the photons are produced through the backscattering of laser light from 



high-energy electron/positron beams. This mechanism [11 allows for the production of 



real photons with high energy, luminosity [jT2| and monochromaticity and a high degree of 



polarization of the scattered photons. Several decay channels will be examined with regard 
to a sufficiently large signal to background ratio. Next-to- leading order corrections will be 
included and where necessary the resummation of large logarithms will thoroughly be taken 
into account. 

Once the Higgs boson will be discovered and its mass will be determined, the next step 
is the measurement of the Higgs couplings to the gauge and matter particles via the Higgs 
decays. Chapter 4 will present the branching ratios for the various decay channels of the SM 
Higgs scalar and the MSSM Higgs bosons. The knowledge of the branching ratios and the 
decay widths allows for the extraction of the lifetime of the Higgs bosons, which together with 
the mass forms the basic characteristics of particles. Therefore, Chapter 4 will continue with 
evolving the theoretical set-up for the determination of the SM and MSSM Higgs lifetimes 
in a model-independent way. Some representative examples at e~^e~ colliders will be given. 

The first Chapters describe the determination of the necessary ingredients, i.e. the mass 
and lifetime of the Higgs states and the Yukawa and gauge-Higgs boson couplings, from a 
theoretical and experimental point of view, enabling finally the measurement of the Higgs 
self-couplings. Chapter 5 deals with this task which is essential in order to establish exper- 
imentally the Higgs sector harboring the mechanism for the generation of particle masses. 
Special emphasis will hence be on this part of the thesis. The plethora of mechanisms which 
allow the access to the trilinear Higgs self-couplings in pp and e~^e~ collisions will be de- 
scribed. The final picture unveils a theoretically conclusive way of determining all possible 
trilinear Higgs self-couplings in the SM and the MSSM. The size of the cross sections for these 
processes will be discussed including a short sideview on the ones involving self-couplings 
among four Higgs particles. The phenomenological implications, in particular the perspecti- 
ves for the measurement of the trilinear Higgs self-couplings will be examined by reviewing 
existing background studies. 

The thesis will be concluded with a summary of the salient features of the investigation 
of the Higgs sector in the SM and the MSSM. 
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Chapter 2 

The SM and the MSSM Higgs sector 



2.1 The Higgs particle of the Standard Model 

The dynamics of the SU{2)l Higgs doublet field introduced in order to ensure unitarity 
and to provide a mechanism for the generation of masses without violating gauge principles, 
is described by the Lagrangean 

= (D^<l>)t(Z}^<|.)-l^($) (2.1) 



where V denotes the Higgs self-interaction potential 



V = \ 



1 ' 



r 



[2.2) 



with a minimum at ($)o = (0,f/\/2)- By introducing the Higgs field in the unitary gauge 
°J (2.3) 



V2 V ^ + H 
the potential Eq. ( p.2|) can be cast into the form 



Vh = \{2Xv^)H^ + XvH^ + ^H^ (2.4) 

where the Higgs mass Mh and the Higgs self-interactions can be read off directly. Apparently, 
the Higgs mass 



Mh = V2Xv (2.5) 

is related to the quadrilinear coupling A. The trilinear Higgs self-coupling can be expressed 
as 

Xhhh = 3M^/M| (2.6) 
in units of Aq = M| / v and the self-coupling among four Higgs bosons in units of Aq is given 

by 

Xhhhh = ^Ml/M^z (2.7) 

where Aq = 33.8 GeV, numerically. For a typical energy scale Mz and a Higgs mass Mh = 
110 GeV, the trilinear Higgs self-coupling equals to Xhhh^q/Mz = 1.6. In contrast, the 
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D, = id, + gTM;.-g'-B, (2. 



quadrilinear coupling Xhhhh^q = 0.6 is suppressed compared to the trilinear coupling by a 
factor of about the weak gauge coupling. Evidently, in the SM the Higgs self-couplings are 
uniquely defined by the mass of the Higgs boson. 

The covariant derivative in is given by 

,Y 
2 

and {Df^^y{D^^^) hence describes the kinetic Higgs term and the interaction between Higgs 
and gauge bosons. (a = 1, 2, 3) denote the isospin-generators of the SU{2)l gauge group 
and Y corresponds to the U{1)y hypercharge-generator. g and g' are the electroweak cou- 
plings and and are the gauge fields associated with the two symmetry groups, re- 
spectively. After introducing the physical Higgs field (|2.3|) and transforming the electroweak 
eigenstates W^, to the mass eigenstates, the kinetic term in Eq. ( |2.1| ) yields the mass 
terms for the electroweak gauge bosons W^, Z and the photon field A 

Mw = \gv, Mz = ^Vg^ + g'^v, Ma = (2.9) 

as well as the Higgs-gauge boson interaction strengths 

Xhvv = 2{V2GfY/^M^ , Xhhvv = 2{V2Gf)M^ , [V = W,Z] (2.10) 

The interaction between the Higgs boson and fermions must respect the SU{2)l x U{1)y 
gauge symmetry and maintain the renormalizability of the theory. The operators which 
fulfill these conditions are combined in the Yukawa Lagrangean 

Cyuk = -ErCe^^Ll + UrCu^Je^^Q'^^ - D'j,Cd<^^Q'l (2-11) 
with 

E={e,iJ,Tf, U={u,c,tf, D' = {d',s',b'f (2.12) 



and 



= ( n' 1 ' ^L=(^], where Nl = (ueL, i^/iL, i^tl)'^ (2.13) 



D' / ^ V ^ 

The right-handed fermions denoted by the index R behave as singlets under SU (2) ^-trans- 
formations whereas the left-handed fermions denoted by the index L are combined in isospin- 
doublets. The prime indicates that the corresponding quarks are given in the electroweak 
basis which is connected to the basis of the mass eigenstates via the unitary Cabibbo- 
Kobayashi-Maskawa matrix V [|T3|, D' = VD. The 3x3 matrices Ce,Cu,Cd sue unitary. 



By appropriate change of the basis {E, U, D') with a constant [/(3)-matrix and making 
use of the unitarity of the matrices Cj, Eq. ( p. 11 ) provides the fermion mass terms mj 



after expanding $ around the VEV, cf. Eq. ( p.3|) . They are related to the Higgs fermion 
interaction coefficient via 

\Hf} = {V2GFY^^mf (2.14) 

Taking into account the recent indication of massive neutrinos one possibility to include 
them in the theory is the addition of an operator containing right-handed Dirac neutrinos 
to the Yukawa Lagrangean: 

NRCN<l>Je,,L'L^ (2.15) 



CHAPTER 2. THE SM AND THE MSSM HIGGS SECTOR 



7 



and changing the mass eigenstates E to electroweak eigenstates E', 



E 



E' 



(2.16) 



This Yukawa Lagrangean leads then to a Dirac mass term for neutrinos and furthermore 
encounters a " Cabibbo-Kobayashi-Maskawa" matrix Ve for charged leptons transforming 
the electroweak eigenstates E' to mass eigenstates E: 



There are also other possibilities of implementing massive neutrinos in the theory. 

2.2 Supersymmetry 

2.2.1 The Minimal Supersymmetric Standard Model 

In the minimal realization of a supersymmetric theory, the MSSM, a minimal number of su- 
persymmetric particles is introduced as partners to the SM particles. The scalar partners of 
quarks and leptons are called squarks and sleptons with the degrees of freedom correspond- 
ing to the degrees of freedom of the SM states. The fermions and their supersymmetric 
partners are combined in chiral superfields. For reasons described below, the MSSM which 
includes the same SU{3) x SU{2)l x U{1)y gauge symmetry as the SM contains two SU{2)l 
Higgs doublets. They are associated with SU{2)l doublets of Majorana fermion fields, the 
higgsinos. The electroweak gauge bosons and the gluons also acquire SUSY partners with 
spin 1/2, which are called gauginos and gluinos, respectively. Charginos and neutralinos are 
the physical mass eigenstates of the higgsinos and gauginos and are given by linear combi- 
nations of these fields. Gauge bosons and their supersymmetric partners are described by 
vector superfields. The particles in a superfield differ only by spin 1/2. Since supersymmetry 
relates fermions and bosons, the particles in a supermultiplet have equal masses and residual 
quantum numbers in an unbroken supersymmetric theory. 

The superfields are introduced in order to build up the supersymmetric Lagrangean, and 
the space-time integral over the Lagrange density is extended to a superspace integral which 
involves two more dimensions. They correspond to two-component Grassmann variables, 
denoted by 9 and 9. The superfields can be expanded in terms of these Grassmann variables 
developing the component fields of the supermultiplets as coefficients in these finite series. 
The so-called F term is the one proportional to 99 in the expansion of the chiral superfield. 
The D term represents the contribution proportional 9'^9'^ in the vector superfield expansion 
P . Starting with a theory without gauge fields, the supermultiplets can be described using 
chiral superfields $j only. Since a renormalizable theory must not contain higher orders than 
three in <l>j, the Lagrangean for chiral superfields is given by 



E' = VeE 



(2.17) 





with the superpotential 




(2.19) 



ijk 
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The products and $^ are chiral again and the real product forms a vector field. The 
subscripts D and F denote the prescriptions for taking the D and F terms in the expansion 
of the superfield products, respectively. The analytical superpotential W must not contain 
complex conjugate superfields. Neither will the scalar potential contain complex conjugate 
component Higgs fields. As anticipated, two Higgs doublets are required in order to give 
masses to both the up- and down-type quarks. Integrating out the Grassmann variables and 
using the Euler-Lagrange equations 

the scalar potential is given by 

V = Y,\n' (2.21) 

i 

where the Yukawa terms included in W have been dropped. A is a complex scalar component 
field in the expansion of the scalar superfield. 

Including a non-abelian gauge sector the Lagrangean for a minimal supersymmetric gauge 



theory in the Wess-Zumino gauge reads []T4 

+ [^Tr{W^Wo) + Wm]^ + h.c. (2.22) 
The non-abelian field strength superfield Wa is given by 

= -l^^e-^^^ (i^^e^^^) (2.23) 
8c/ 

Da is the covariant derivative acting on superspace. g denotes the non-abelian gauge coupling 
and V reads 

V = VT" (2.24) 

where V"' denotes a vector supermultiplet and are the generators of the Lie-Algebra. 
They are normalized to 

rr[T"T^] = C(i?)(5"'' (2.25) 

The factor C depends on the representation R. Integrating out the Grassmann fields the 
scalar potential for a non-abelian gauge theory can be read off from ( p.22|) : 



V 



+ (2.26) 



The auxiliary fields Fi and are given by the Euler-Lagrange equations, 

_ dWjA) 
OA, 

D- = -J29MT%Aj (2.27) 
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Ai are scalar fields that belong to the the fundamental representation of a general non- 
abelian SU{N) gauge group. A f/(l) gauge multiplet can be included in the scalar potential 
by adding 

liD'r (2.28) 



to Eq. (12:2^ ). D' is defined by 



D' = J29'^A,A + ^ (2.29) 

i 

g' denotes the U{1) gauge coupling and Y the generator of the abelian group. The constant 



Fayet-Iliopoulos term ^ |]T5[ can in many models argued to be small |T6[ and will be set equal 
to zero in the following. 

The superpotential as given in (|2.19| ) implies lepton and baryon number violating inter- 
actions which may lead to proton decay at tree level by exchanging a s-down-quark. In the 
SM, no such problem occurs since the corresponding interactions do not arise due to gauge 
invariance unless the dimension of the operators is larger than six. In order to avoid the 
problem in the MSSM, the corresponding couplings must either be suppressed or the inter- 
actions must be forbidden by a symmetry. The Z2 symmetry under which the Grassmann 
variables in the Lagrangean change sign fulfills this condition. The symmetry is called R 
parity and characterized by a multiplicative quantum number which can be defined as 

^= (_l)(3B+L+25) (2.30) 

where B is the baryon number, L the lepton number and S the spin of the particle. The 
SM particles have R parity +1 whereas their SUSY partners have R parity —1. From the 
phenomenological point of view, the assumption of R parity conservation implies that SUSY 
partners can only be pair produced in collisions of SM particles. Furthermore, a theory with 
R parity conservation contains a lightest SUSY particle (LSP) which is stable. 

So far no SUSY particle with the same mass as its corresponding SM partner has been 
observed. In order to explain the experiments the SUSY particles must be assumed to be 
heavier than their SM counterparts. Hence supersymmetry has to be broken. For the time 
being, supersymmetry is usually broken by introducing explicit soft mass terms IT^ and 



regarding the MSSM as an effective low energy theory [1^. The mass terms are called soft 
because they are chosen such that they do not develop quadratic divergences again. The 
form of the soft-breaking terms is restricted by the requirement of gauge invariance as well 
as weak-scale R parity invariance and stable scalar masses. A further constraint is set by 
the experimental bounds. In generic notation they are given by 

where Si denote scalar component fields and m^^, i,j = l,...,n, scalar mass matrices 
for squarks and sleptons with n generations. There are two masses for the Higgs scalars 
and a complex mass term mixing the scalar components of the two Higgs doublets: 

mjlHil"^ + ml\H2\^ - [BfiHiH2 + h.c] 
The Higgs fields Hi and H2 are contracted using eij (ei2 = 1) and /x is called mixing 
parameter. 
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-l[m[XiXi + h.c] 

for Majorana fermions Aj with three real gaugino masses m^, i = 1,2, 3. 
-[AijkCiCjCk + h.c] 

which involves scalar fields Cj. Aijk [i,j,k = 1,2,3] are complex trilinear couplings 
respecting R parity. Non-zero trilinear couplings Aijk lead to a mixing of the left- and 
right-handed sfermions. 



2.2.2 The MSSM Higgs sector 

The MSSM Higgs potential can be derived using Eqs. (|2.26|) -( p.29|) 0, ||, §. The contribution 
Vd due to the D term 

vd = + liD'r (2.31) 

a 

for two Higgs doublets Hi, H2 with hypercharges Y = —1 and Y + 1, respectively, is given 
by 

Dunw = W - m') (2.32) 

Dsui2U = -{{H{*at,Hi + W*at,Hi) (2.33) 

where = cr"/2 and a"- (a = 1,2,3) are the Pauli matrices. The second contribution 
to the potential arises from the derivative of the superpotential with respect to the chiral 
superfields. The superpotential W conserving baryon and lepton number and respecting the 
SU{2i) X SU{2)l X U{1)y symmetry is given by 

W = -e,,fiHlHi + e,,[XLHlLiEn + XoHlQitn + XuHiQlU r] (2.34) 

Hk {k = 1, 2) are the superfields containing the Higgs fields and their SUSY partners. 
The SU(2)l doublet superfield includes the left-handed electron and neutrino and the 
corresponding scalar particles. The superfield Eji contains the right-handed anti-electron 
and its scalar partner. Ql includes an SU{2)l doublet of quarks and the associated SUSY 

partners. Ur (Dr) consists of the right-handed up- (down-) antiquark and its supersym- 
metric counterpart. For the sake of simplicity the superpotential is given only for the first 
generation. The supersymmetric potential can then be cast into the form 

V = \fi\' + \H,\') + ^i±^ {\Hi\' - \H,\'Y + ^4\HIH2\' (2.35) 

o 2 

The minimum of the potential is given by (-ffi ) = (-^^2) ~ with ^ = 0. So far no violation 
of supersymmetry has been applied. Including the possible soft SUSY breaking terms, the 
potential is given by 

Vh = m?J/fi|2 + m^2|i72r-m?2ei,(i/ii/| + /i.c.)+^^^(|ifip-|if2r)' 



9 



2 



+^\HIH2\' (2.36) 
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where the squared masses are 

2 I |2 I ~ 2 

77122 = l/^r + "^2 (2.37) 

m?2 = f.B 

with ml, fh\ and being the soft SUSY breaking mass parameters. Vh manifestly conserves 
CP invariance as any complex phase in can be absorbed by redefining the Higgs fields. 
The electroweak symmetry is broken for non-vanishing vacuum expectation values of the 
neutral components of the Higgs doublets, 

(^i)=ftl , {H,)=(^\ (2.38) 







V2 



By appropriate choice of the phases of the Higgs fields, vi and V2 can always be adjusted 
real and positive. The relation of the VEVs vi and V2 defines the angle (3, 

tan/?=— (2.39) 

For positive fi, f2, < (3 < 7t/2. The potential acquires a stable minimum if the following 
conditions are fulfilled: 

m\i+m\2 > 2 1777^2! 

7772^777^2 < 1777^2 12 (2.40) 

The MSSM Higgs potential may be compared to a general self-interaction potential of 
two Higgs doublets ipi in a CP-conserving theory 

y2HDM^^^^ (^2] = ITiI^LpIlPi + 77722V52V52 " [ml2^l(p2 + h.c] 

+ IMAVi)^ + lMAv2f + X3{Ai^l){(pl(p2) + A4(</?I</?2)(¥'2¥'l) 

1X5(^^2? + [A6(v^Iv^i) + \7{vy2)]A¥^2 + h.c.} (2.41) 



The seven couplings Aj and the three mass parameters 777^]^, 77732, ^12 Teal. By apply- 
ing the relations between the fields ipi and the Higgs doublets Hi and H2 with opposite 
hyper charge 

i^iY = e.,Hl* , = m (2.42) 

one will find that in the MSSM the A parameters at tree level are uniquely defined in terms 
of the electroweak gauge couplings 0, |^, |^, [T^ 



Ai = A2 = 1(9' + 9'') 
A3 = 1(9' -9") 

A4 = -ka' 

As = As = A7 = (2.43) 

The two complex SU (2) l Higgs doublets have eight degrees of freedom. After the electroweak 
symmetry breaking three of them will be absorbed to provide longitudinal degrees of freedom 
to the electroweak gauge bosons. The remaining five degrees of freedom correspond to the 
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equivalent number of physical Higgs states, two charged Higgs bosons if^, a CP-odd neutral 
Higgs boson A and two CP-even neutral Higgs bosons h and H f^, Expanding the 

Higgs doublets Hi around their vacuum expectation values leads to the mass matrix M^j for 
the component fields rji of the Higgs doublets 



Mf, 



driidr]j 



(2.44) 



with the minimum given by (0|?7i|0) = 0. Diagonalizing the mass matrix (p.44|) the masses 
for the physical Higgs states are obtained in terms of the parameters in the Higgs potential 
Vh- The parameters change when top and stop- loop radiative corrections are included. 
In the one-loop leading approximation, where denotes the top mass, they can be 



approximated by 



V2tt^ sin^ (3 



In 



M2 



(2.45) 



with the common squark-mass value M setting the scale of supersymmetry breaking. Pro- 
vided that stop mixing effects are moderate at the SUSY scale, they can be implemented by 
shifting in e 



M2 M2 + AM2 



AM2 

A 



A — fi cot P 



(2.46) 



where A and fi correspond to the trilinear coupling in the top sector and the higgsino 
mass parameter in the superpotential, respectively. Using the mass Ma and tan f3 as input 
parameters the charged Higgs mass and the masses for the neutral CP-even Higgs bosons as 
well as the mixing angle a in the neutral sector are given by 



Ml +M, 



M, 



h,H 



tan 2a 



Ml 



w 



Ml 



eTx/(Ml 



Ml + e)2 - AM\Ml cos2 2/3 - 4e(M| sin^ /? + M| cos^ (3) 



tan 2/3 



Ml 



Ml 



Ml 



Ml + e/ cos 2/3 



with 



< a < 



(2.47) 



in the e approximation. Evidently, at tree level, where e = 0, the parameters of the Higgs 
potential can be expressed by the electroweak and two additional parameters which are 



usually chosen as M4 and tan (3. [The mass Ma is related to mi2 via Ml 
The masses mn, can be eliminated by minimizing the potential, 
the following conditions 



Mh > 
Mh± > 
Mh < 



Ma,Mz 
Ma,Mw 
Mz\ cos2p\ 



> Mh 



m^g/ sin P cos (3. 
The Born masses fulfill 



(2.48) 



When radiative corrections are taken into account the upper bound of the light neutral Higgs 
mass Mh will extend to about 130 GeV pO, |21|. In contrast, the masses of the heavy CP- 



even and CP-odd neutral Higgs bosons H, A, and the charged Higgs particles H"^ may vary 
in the mass range from the order of the electroweak symmetry scale v up to about 1 TeV. 

After introducing the physical Higgs states the self-couplings among the Higgs bosons can 
be derived from (|2.36|) . Respecting CP-invariance there are six trilinear couplings among the 
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neutral Higgs bosons h and H. In units of Aq = M|/f , v = \/vj + they may be written 

as 



20, 22, 23 



e cos a 2 

^hhh = 3 COS 2a smfp + a) + 3— — 5" cos a 

M| sm p 

^Hhh = 2sin2asin(/3 + a) — cos2acos(/3 + a) + 3— -pr^ — ^ cos^ a 

M| sm p 

6 COS CX 

^HHh = — 2 sin2acos(/5 + a) — cos2asin(/5 + a) + 3 — 5- sin^ a 

M| sin p 

e sin a n 

^HHH = 3 cos 2q; cosfp + a) + 3— — 7 7: sin a 

M| sm p 

6 COS 

A/iAA = COS 2/j sin(/j + a) + . ^ cos^ P 

M| sm p 

Ahaa = -cos2/5cos(/3 + a) + -^^cos2/3 (2.49) 

M| sm p 

In the decoupling limit ^ ^ M^± > 

sm{P - a) ^ 1 (2.50) 
cos(/3 - a) ^ (2.51) 

and the trilinear Higgs couplings approach the values 

Xhhh ^Ml/Ml 



Ah.. ^ -3vl4"^"" ^Jv'"4+^"" ^J"^""^'°^^ 



3Af;^ 3e 



Xhaa l/f^-Asin2/?Vl-^ + Asin2/3V^^ (2-52) 

^' V^l ^1 /V ^1 ^1 / M| sin/? ^ ^ 



with M| = M| cos^ 2/? + e sin^ p. Evidently, the self-coupling of the light CP-even neutral 
Higgs boson h reaches the SM value in the decoupling limit. 



2.2.3 The Higgs- Yukawa and the Higgs-gauge coupUngs 

The couplings of the MSSM Higgs particles to the fermions and gauge bosons can be derived 
in the framework of the superspace formalism from the Yukawa Lagrangean and the kinetic 
term for the two Higgs doublets, respectively 0, §, The procedure is analogous to the 
SM bearing in mind that two SU{2)l complex scalar doublets are involved in the MSSM. 
Expanding around the VEVs and transforming to the Higgs mass eigenstates, the couplings 
given in Table p.l| will be found normalized to the SM [Q, ^ |^ . They depend on the ratio 
of the vacuum expectation values, tan/3, and the mixing angle a which was introduced in 
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$ 




g^uu 


g<i>dd 




SM 


H 


1 


1 


1 


MSSM 


h 


cos a/ sin /3 


— sin a/ cos P 


sin(/? — a) 




H 


sin a / sin j3 


cos a / cos P 


cos(/? — a) 




A 


1 / tan (3 


tan /? 






Table 2.1: Yukawa and gauge boson [V = W, Z] Higgs couplings in the MSSM normalized 
to the SM couplings. 

order to diagonalize the mass matrix in the neutral CP-even Higgs sector. 

The Higgs gauge couplings gnvv and gnvv are suppressed with respect to the corre- 
sponding SM couplings by the factors sin(/3 — a) and cos(/3 — a), respectively. Only in the 
decoupling limit the light CP-even Higgs boson gauge coupling approaches the SM value 
whereas the coupling for H becomes zero. For the pseudoscalar Higgs particle A there exists 
no coupling to the gauge bosons at tree level due to CP-invariance. 

The Yukawa gauge couplings of the CP-even neutral MSSM Higgs bosons to up- (down-) 
type quarks are inversely proportional to sin/? (cos/?). Their variation with is shown 
for two values of tan/5 = 3,50 in Fig. Evidently, for large values of Ma, i-e. in the 
decoupling limit, the couplings involving h approach the SM values whereas for small values 
of Ma this role is taken over by the heavy CP-even Higgs boson H. The Yukawa couplings 
of the CP-odd Higgs boson A to up- (down-)type quarks are suppressed (enhanced) for large 
values of tan /5. 

The couplings in Table determine the decay modes of the MSSM Higgs bosons and 
therefore their experimental signatures. Thus it will be difficult in the decoupling limit to 
distinguish the light scalar MSSM Higgs boson from the SM Higgs particle. 
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Figure 2.1: The Yukawa couplings of the neutral CP-even Higgs bosons to up- and down-type 
quarks, respectively, in units of the SM couplings as a function of Ma for two values of 
tan /3 = 3, 50 and vanishing mixing. 
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Chapter 3 

Higgs boson search 



The mass of the Higgs boson cannot be predicted within the framework of the SM. Its value 
can be constrained, however, by the assumption that the model is valid up to an energy 
scale A. Demanding that the SM remains perturbative up to the GUT scale C(10^^ GeV), 
an upper bound of the Higgs mass is given by ~ 200 GeV. For A ~ 1 TeV and the constraint 
Mh < A lattice simulations |24] and renormalization group analyses [^, 2^ predict an upper 
bound of ~ 700 GeV. 

A lower bound on the Higgs mass is given by the requirement of vacuum stability. The 
quantum corrections to the quartic self-coupling A due to the Higgs self-interaction are 
positive whereas those from the top- Yukawa coupling are negative. Depending on the value 
of A at the scale of the Higgs mass the quartic coupling increases with the energy or is driven 
to negative values so that the vacuum becomes unstable depending on the top-quark mass. 
Since the strength of the Higgs self-interaction is determined by the Higgs mass at the scale 
Mh the negative contribution can be compensated if is large enough. Assuming a top 
mass of 175 GeV the SM remains weakly interacting up to ~ 1 TeV if the lower bound of the 
Higgs mass is given by ~ 55 GeV. For A ~ Mgut the lower bound increases to 130 GeV. If 
the vacuum is metastable with a lifetime exceeding the age of the universe, the lower Higgs 
mass bound decreases. While the bound changes only slightly for A ~ Mqut, the effect is 



significant for A ~ 1 TeV ||25 |. 



The direct Higgs boson search in the Higgs-strahlung process at LEP2 , finally, constrains 
the Higgs mass from below |^^. The search will possibly be extended up to Higgs masses of 
~ 115 GeV. 

In the MSSM, the Higgs sector at tree level is completely described by the electroweak 
parameters and two additional parameters Ma and tan/5, so that an upper bound for the 
light scalar Higgs mass can be derived, cf. ( p.48| ). 

The crucial test for the existence of the Higgs particles will be their experimental discovery. 
In this chapter an overview will be presented over the SM and the MSSM Higgs boson search 
strategies at pp colliders and at e+e~ linear colliders. Subsequently, the heavy MSSM Higgs 
particle production in the Compton mode of an e^e~ linear collider will be examined in 
detail taking into account the background reactions and interference effects. These processes 
are important for the search of heavy MSSM Higgs particles in parameter regions that are 
difficult to exploit at the LHC and in e^e~ collisions. 
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3.1 Higgs boson search at pp colliders 



3.1.1 Standard Model Higgs boson 

A primary goal of the Large Hadron Collider LHC will be the search for Higgs particles. 



The main production mechanisms for the SM Higgs boson are [0, |2^, 



gluon fusion 
vector-boson fusion 
Higgs-strahlung 

associated production with ti/bb 



pp^ gg H 
qq qqV*V* qqH 
qq^V* ^ VH 
qq, 99 H ti/bb 



(3.1) 



where V = W, Z . The cross sections are shown in Fig. |3.1| for a center of mass energy of 
•y/s = 14 TeV. Evidently, the gluon fusion process is the dominant process in the entire mass 
range up to 1 TeV apart from vector boson fusion which is of the same order of magnitude 
above 800 GeV. For Higgs masses less than about 100 GeV Higgs-strahlung and associated 
production with tt become competitive with vector boson fusion and provide additional 
production mechanisms for the Higgs boson. 
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Figure 3.1: Higgs production cross sections at the LHC for y/s = 14 TeV as a function of 
the Higgs mass. The full QCD corrections have been included apart from the processes Hbb, 
Htt where the QCD-corrected results are unknown [29]. 



The Higgs search strategies will depend on the mass of the Higgs boson. Figs. |3.2| and p3 
show the significances in the various search channels of the SM Higgs boson in the ATLAS 
and the CMS experiment, respectively, as a function of the Higgs mass [y, 0. Evidently, 
at the LHC several channels are available for the detection of a Higgs boson with a mass 
between 95 GeV and 1 TeV. 

For masses below ~ 110 GeV the Higgs boson produced in association with a ti pair may 
be detected in its bb decay channel. Since the process is faced with a huge QCD background. 
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Figure 3.2: Expected significances in the various SM Higgs search channels at ATLAS as a 
function of the Higgs mass for an integrated luminosity of 100 flr^ 



however, the most promising channel in the mass region 80 < < 140 GeV is the rare decay 
if — > 77 with a branching ratio of (9(10~^). The Higgs boson is dominantly produced in 
gluon fusion. Additional production mechanisms are provided by Higgs radiation off a 
boson and associated production of a Higgs boson with tt. 

In the mass range 120<MhjS800 GeV, the 'gold-plated' channel H ZZ Al is 
considered to be the most reliable channel for the SM Higgs boson discovery at the LHC. 
For masses 160 < Mh ^ 180 GeV where the ZZ branching ratio is only about ~ 2% the Higgs 
boson search can be supplemented by the dominant decay H WW with lulu final states. 

If the Higgs mass is large the Higgs boson becomes very broad with a width of up to 
600 GeV for Mh = 1 TeV. This implies a broad resonance peak in the final state and due 
to the reduced phase space the event rates decrease for a heavy Higgs boson. Since the 
channels H — ^ ZZ —>■ lulu and H —>■ WW —>■ lujj involve larger branching ratios than 
the 'gold-plated' decay they provide a means of detecting the Higgs particle in the range 
Mh > 800 GeV. 

For an integrated luminosity of 300 fb~^, the expected precision for the mass measurement 
will be 0.1% in the Higgs mass range 80-400 GeV g |T1. 



Fig. shows the cross sections for the various Higgs production mechanisms at the 
Tevatron as a function of the Higgs mass for a cm. energy of 2 TeV. The most important 
process for the Higgs search is Higgs-strahlung off W, Z bosons, qq — > W*/Z* W/Z + 
H. Due to the lower luminosity and the large backgrounds at the Tevatron several search 
channels have to be combined and the statistical power of both experiments CDF and DO 
has to be exploited in order to reach significances above three for the detection of the Higgs 
boson in certain mass windows. For an integrated luminosity of 20 fb~^ as might be expected 
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Figure 3.3: Significances for the SM Higgs boson search as a function of the Higgs mass at 
CMS for an integrated luminosity of 100 fh~^ W^l - 
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Figure 3.4: The cross sections of the various Higgs production mechanisms at the Tevatron 
as a function of the Higgs mass / p^/ . The plot shows the full QCD corrected results for gluon 
fusion gg —>■ H , vector boson fusion qq —>■ qqVV — > qqH and Higgs- strahlung qq —>■ V* ^ 
VH. The QCD corrections to the associated production processes gg,qq —>■ Hti,Hbb are 
unknown and therefore not included. 
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in RUNIIb a Higgs boson with mass up to ~ 180 GeV can be detected at the 3a level using 
neural network selection for the investigated channels. A 5a discovery will only be possible 
below ~ 120 GeV. The Higgs can be excluded up to ~ 190 GeV with 95% CL g. 



3.1.2 Supersymmetric extension 

Except for vector boson fusion and Higgs-strahlung the production of the MSSM Higgs 
bosons proceeds via the same mechanisms as in the SM case taking into account that con- 
tributions due to 6-quarks may also play a role for large tan (3 where the Yukawa couplings 
to down-type quarks are enhanced, cf. Table ^]l| and Fig. |2.1| . The production via vector 
boson fusion and Higgs-strahlung is only possible for CP-even Higgs bosons since the CP-odd 
boson A does not interact with the the vector particles at tree level. 

In the MSSM the gluon fusion process proceeds dominantly via top- and bottom-quark 
loops with the 6-quark contribution becoming of the same size as that due to the top-quark 
for large tan (3. Squarks are also involved. However, for large squark masses they decouple. 
Since the scalar Higgs vector boson couplings are suppressed with sin(/5 — a),cos(/5 — a) 
compared to the corresponding SM couplings the production cross sections for the MSSM 
scalar Higgs bosons in vector boson fusion are smaller than the SM fusion cross sections. 
Analogously, the associated production with W/Z is smaller than in the SM case and has 
only to be considered for the light CP-even Higgs boson and the heavier one provided its 
mass is small. As can be inferred from Table |2T^ and Fig. ^?T| the MSSM Higgs tt couplings 



are below the SM counterpart for tan /5 > 1 so that associated production with tt will always 
yield smaller cross sections than in the SM. Yet, the same process involving a bb pair may 
become dominant in the large tan (3 region. 




Figure 3.5: Left: Expected discovery contours for MSSM Higgs bosons at ATLAS with J C = 
300 fb~^. Each curve indicates the sensitivity for different Higgs search modes J^. Right: 
CMS 5 a significance contour plot in the Ma — tan (3 plane j^^. 

The search for MSSM Higgs bosons is more complex than in the SM. Fig. p.5| shows the 
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discovery contours for SUSY Higgs particles at the ATLAS and CMS experiment, respec- 
tively. Referring to the ATLAS experiment [the overall picture is essentially the same for 



the CMS experiment, cf. Fig. p.5|| , the basic features can be summarized as follows: Taking 
into account the exclusion limits set by LEP2 at a cm. energy of 200 GeV, the light Higgs 
state h produced in association with ti may be found in its bb decay channel for pseudoscalar 
Higgs masses M^> 110 GeV. In the mass range M^>200 GeV the CP-even Higgs boson h 
can be found via the 77 decay channel. The heavy Higgs particles H and A can be found 
in the channel H/A — >■ rr for M4 > 100 GeV and moderate and large values of tan/3. Since 
the MSSM Higgs couplings to charged leptons grow with tan for larger values tan > 10 
the search channel H/A —>■ fifi opens in the same region. As the masses for the heavy 
CP-even and the CP-odd Higgs boson are almost the same in this parameter space it will be 
very difficult to disentangle the H signal from the pseudoscalar signal. For ^ 140 GeV, 
the charged Higgs boson produced in top decays can be searched for in the channel t —>■ bH^. 

The mass of the light CP-even Higgs boson h is expected be determined with a precision 
of 200 MeV at the LHC 0. However, the final picture exhibits two difficult regions. For 
90 < Ma ^ 110 GeV, the light Higgs boson might be seen neither by LEP2 nor by LHC. And 
for M^>200 GeV and tan/5>6 up to 15, no heavy neutral Higgs bosons can be discovered 
so that the distinction between the SM and the MSSM based solely on light scalar Higgs 
measurements will be difficult. Note also that if neutralinos and charginos are light enough, 
Higgs decays into these particles are possible and will change the search strategies at the 
LHC [pi. 



By appropriate rescaling of the SM results an analysis for the MSSM Higgs boson search 
has been carried out at the Tevatron [Q. The analysed production channels for the scalar 
Higgs particles are Higgs-strahlung with subsequent decay into bb and associated production 
with bb for all neutral MSSM Higgs particles. The results for the exclusion regions at 95% CL 
and the 5a discovery regions depend on the chosen set of SUSY parameters. For example, 
in the case of maximal mixing a light scalar Higgs with mass < 130 GeV can be discovered 
at the 5(T level in almost the whole Ma — tan/? plane if an integrated luminosity of 30 fb~^ 
can be achieved. Difficult regions are the low Ma region for moderate and large values of 



tan/3. A detailed prescription of the analysis can be found in [32, 35 . 



3.2 Higgs boson search at e+e colliders 

e~^e~ linear colliders operating in the cm. energy range between 500 GeV and 1 TeV are 
ideal instruments for the search of Higgs bosons with masses in the intermediate mass range. 
In this section the Higgs boson search at these future colliders will be reviewed. 

3.2.1 Standard Model 

The main production mechanisms for a SM Higgs boson at an e~^e~ collider in the energy 
range 500 GeV< y/s < 1 TeV are the processes 

Higgs-strahlung: e+e" (Z) ^ Z -\- H , , 

WW fusion : e+e" ^ i^i^{WW) ^ uu + H ^ ' 



For moderate values of the Higgs mass and in the low energy range Higgs-strahlung is the 
main production process [^6], |3^. Beyond the threshold region the cross section decreases 
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Figure 3.6: The cross sections of Higgs-strahlung e~^e~ —>■ ZH and WW/ZZ fusion e^e^ 
vv/e^e^H for two collider energies = 500 GeV (solid) and = 800 GeV (dashed), 



proportional s ^ with the maximum being reached rather close to the threshold. For larger 
energies WW fusion starts playing a role |3^41| since in the high-energy limit, Mfj/s and 



/s -C 1, the cross section increases with log s. Another production mechanism is provided 
by ZZ fusion. Due to the small Ze"'"e~ couplings this process is suppressed by an order of 
magnitude compared to WW fusion. Yet, the Z decay yields two leptons in the final state 
so that by reconstructing the recoil mass a sufficiently large signal to background ratio can 
be achieved. 



In Fig. |3]^ the cross sections of WW boson fusion and Higgs-strahlung are shown for two 
typical collider energies, = 500 GeV and 800 GeV |lO|. Apparently, WW fusion is the 
dominant process for higher energies. The cross sections are (9(1-100) fb yielding up to 10^ 
events in the intermediate mass range for the foreseen integrated luminosity of 500 fb~^ in 
the low-energy phase. 

Due to the definite energy Ez of the recoiling Z boson in the Higgs-strahlung process 
the Higgs mass can be determined via the relation M'jj = s - l^sEz + M|. The Higgs 
boson search will be independent from the decay channel and the signal will only slightly be 
modified when detector properties are taken into account . Also in WW fusion it will be 
no problem to find the Higgs boson since the main background e'^e~ — >■ {e^^VfW~ with the 
positron in the final state escaping detection is small. The mass of the SM Higgs particle 
can be determined at e'^e~ colliders very precisely by exploiting the kinematic constraints 
in the leptonic channels of Higgs-strahlung events. For an integrated luminosity of 500 fb~^ 
and a cm. energy of 350 GeV, a precision of ~ 150 MeV can be reached for Higgs masses 
between 120 and 160 GeV independent of the Higgs decay mode [^. The discovery limit is 



given by Mj^ <0.7v^. e'^e linear colliders are therefore optimal machines for the detection 
of Higgs bosons in the intermediate mass range Mn < 2Mz- 
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3.2.2 SUSY Higgs particles 

Higgs-strahlung, Higgs pair production and vector boson fusion are the dominant production 
mechanisms for neutral MSSM Higgs bosons at e~^e~ colhders ^ 

e+e' ^{Z)^Z + h/H 
e+e- ^(Z)^A + h/H 

e+e- uu{WW) uv + h/H ^ ' 



Higgs-strahlung 
Pair production 
WW fusion 
ZZ fusion 



e+e" e+e-{ZZ) e+e' + h/H 
The cross sections for Higgs-strahlung and pair production can be cast into the form 
ai^e'^e" Zh/H) = sin^ / cos^(/5 — a)asM 

a(e+e~ Ah/H) = cos^ / sm^{p - a)asMX (3.4) 

— 3 /2 1 /2 

where asM denotes the SM cross section for Higgs-strahlung and A ~ Xjlj /X^j is the 
Kallen function for particles with masses Mi and Mj) results from the P-wave suppression 
near the threshold. 

The cross sections for h, H production via Higgs-strahlung and pair production are among 
themselves and mutually complementary to each other being proportional either to sin^(/5 — 
a) or cos^(/? — a). Since asM is large, at least the light CP-even Higgs boson should be 
found: If sin^(/5 — a) is small, also Ma is small, and h can then be detected in associated 
production with a light A. 



The upper plot in Fig. shows representative examples of the cross sections for the 
production of neutral Higgs bosons as a function of the Higgs masses for tan/3 = 3 and 30. 
In the decoupling limit where sin(/5 — a) — >■ 1 the hZ cross section becomes maximal being 
of (9(60 fb). In contrast, the HZ cross section is large at the lower end of the mass range. 
The signal signature, also for HZ in most of the parameter space, involves a Z boson and 
a hh or r+r^ pair. Since the process Ah grows with cos^(/? — a) it increases towards lower 
Mh masses where cos(/5 — a) approaches its maximum absolute value. The complementary 
process AH is preferred for large Mh- The signature will in both cases include four h quarks 
in most of the parameter space so that a good 6-tagging performance will be required in order 
to separate the signal from the background due to QCD jets and Z boson pair production. 

For small Higgs masses (below ~ 160 GeV for ^/s = 500 GeV) WW fusion dominates 
over Higgs-strahlung Yet, it involves neutrinos in the final state thus rendering the 

extraction of the signal more difficult. On the other hand the leptonic final states of ZZ 
fusion allow for the full signal reconstruction although it is an order of magnitude smaller 
than the WW fusion process. 



The lower plot in Fig. |3j shows the production cross sections for charged Higgs bosons 
as a function of the Higgs mass for tan (3 = 3 and 30. If kinematically allowed they are 
produced via top-decays, t b + H+. For tan/5 > 1, charged Higgs bosons decay into rur 
so that lepton universality will be broken in the final state, since r states dominate over e, /i 
final states in t decays. For large masses Mh± the bosons have to be pair-produced in e~^e~ 
collisions, e'+e~ — >• H+H~ . The cross section which only depends on Mh± decreases fast due 
to P-wave suppression ~ /3^ near the threshold. 77 collisions, however, yield larger cross 
sections. 

The preceding discussion has shown that the light CP-even Higgs boson will not escape 
detection at linear colliders. Its mass may be determined with an accuracy of 50 MeV . 
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Figure 3.7: Upper plot: Production cross sections of MSSM Higgs bosons at \/s = 500 GeV. 
Lower plot: Charged Higgs boson production for y/s = 500 GeV - courtesy of A. Djouadi. 



Furthermore, all MSSM Higgs particles can be discovered in the mass range Mh, Ma l/2y/s, 
independent of the value of tan P ||10| . 



3.3 Heavy MSSM Higgs production in 77 collisions 

According to the present analyses neutral heavy MSSM Higgs bosons, A and H, with masses 
Ma/h ^ 200 GeV may escape detection at the LHC for moderate values of tan/3. In addition, 
in e^e^ collisions at linear colliders the discovery of all MSSM Higgs particles with mass 
M independently of tan/3 requires a cm. energy ^/s>2M [|10|], hence y^>1.6 TeV for 
Ma/h = 800 GeV. Since the photons produced from Compton scattered laser light off 
energetic electron/positron beams have approximately the same energy as the initial beams 
and high luminosity |T^, Higgs production in 77 collisions provides an additional powerful 
mechanism that can be used for the Higgs boson search. 

In this section the heavy MSSM Higgs production via 77 fusion at a high-luminosity e~^e~ 
linear collider will be analysed. The branching ratios of the A and H decay modes that will 



be exploited for this task are illustrated in Fig. as a function of the corresponding Higgs 
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Figure 3.8: The branching ratios of the heavy MSSM Higgs bosons H and A into charginos 
and neutralinos, bottom and top quarks and t~^t~ . The visible SUSY final states have been 
summed up, i.e. x^x~ = Y.i,j=i,2XtxJ and = Eij=i..4XiXj " XiXi, assuming that 
the lightest neutralino x1 is the LSP which cannot he observed. The SUSY parameters /i and 
M2 have been chosen equal to 200 GeV and tan (3 — 7. (The branching fraction BR{H/A — > 
T+T") is also shown for tan/3 = 30. j The SUSY breaking squark and slepton masses have 
been set equal to 1 TeV and the SUSY breaking trilinear couplings are zero. 
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mass in the range 200. ..800 GeV. The higgsino mixing parameter is chosen fx = 200 GeV, 
the universal gaugino mass parameter M2 = 200 GeV and tan/3 = 7. The SUSY breaking 
sfermion masses are chosen as 1 TeV and the SUSY breaking trihnear couphngs are set equal 
to 0. This will be the SUSY parameter set used in the following if not stated otherwise. In 
the lower mass range H and A preferentially decay into bb whereas in the upper mass range, 
beyond the corresponding kinematic thresholds, the chargino decays dominate followed by 
the neutralino channels. Above the tt threshold the branching ratio into top quarks amounts 
up to ~ 13%. At the lower end of the mass range the t~^t~ branching ratio may reach ~ 10%. 

bb production 

The signal process 77 Higgs bb is confronted with the background reaction 77 — > 
bb. In order to suppress the background with respect to the signal it is helpful to use 
polarized photons. The spin-0 Higgs particles are only produced from an initial state with 
the third component of the angular momentum = 0. The = background process, 
however, is suppressed by ml/s in leading order ||47H52|. The channel 77 — > bb hence 



provides an outstanding signature for the heavy MSSM Higgs boson search. The signal 
process proceeding via massive s-channel Higgs bosons dominantly develops a 2-jet topology 
in the final state whereas the next-to-leading order (NLO) background process favours the 
3-jet topology due to the leading order (LO) suppression ml/s for = 0. In the case of 
the light 6-quarks the subsequent analysis will therefore investigate the two-jet final state. 
Next-to-leading order calculations have shown that the ml/s suppression is removed by 
gluon brems-strahlung [^^-|5^. The significance of the 2-jet signal topology can therefore 
be spoiled by the radiatively corrected background process if partons are collinear or one 
of the partons is rather soft thus faking a 2-jet final state. This background has to be 
suppressed by applying stringent cuts. The two-jet configuration due to soft or collinear 



partons involves large double logarithms [^9H52|. In order to properly take into account 



higher order corrections the logarithms have to be resummed leading to the well-known 



Sudakov form factor |^ denoted by J-'g which corresponds to the emission of soft real and 
the exchange of soft virtual gluons and a non-Sudakov form factor J-'g related to soft virtual 
quark contributions []5T| , 

The subsequent analysis will investigate heavy MSSM Higgs production in 

e+e" ^ 77 ^ A/H bb (3.5) 

for polarized electron/positron and photon beams. The discovery reach in the Higgs mass 
range Ma/h = 200.. .800 GeV for moderate tan (3 = 7 is analysed by including the background 
and the interference process in the two-jet topology. Radiative corrections are thoroughly 



incorporated considering the QCD corrections to signal |5^^59|, background |5^ and also 
to the interference process, calculated in this thesis for the first time. The leading higher- 
order QCD corrections which are sizeable in the two-jet configuration are considered through 



the resummation of the Sudakov and non-Sudakov double logarithms ||5T|, ^ . 

The ti and r+r channel 

As further options Higgs detection in 

e+e" ^ 77 ^ A/H tt and r+r" (3.6) 

is investigated. In contrast to the top-quark final state the r+r^ production does not acquire 
final state QCD corrections. The r+r^ process will be analysed for the two tan (3 values 7 
and 30. Since the Yukawa couplings of A and H to r+r~ increase with rising tan/?, thus 
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enhancing the corresponding branching fractions, the signal cross section will grow with 
tan (3 while the background process is independent of tan (3. 

Chargino and neutralino production 

Since the branching ratios of the chargino and neutralino channels are rather large the 
processes 

e+e-^77 ^ A/H^xtx], («,J = 1,2) 

e+e-^77 A/H^x-x', (z, j = 1, 4; not z = j = 1) (3.7) 

may provide additional interesting detection channels. The SUSY particle pair production 
cross sections are summed over all possible final states excluding however the production of 
XiXi where x1 denotes the lightest neutralino. This is due to the assumption that Xi is the 
lightest supersymmetric particle (LSP). Because of R-parity conservation it cannot decay 
and the XiXi state will escape detection. As in the case of lepton production the SUSY 
processes do not involve final state QCD corrections. 



3.3.1 The quark final states 



1.) Signal process 

The signal process 77 qq proceeds via the MSSM Higgs bosons h, H and A. Fig. p.9| 
shows the generic diagrams contributing to the process at LO and at NLO. The two photons 
are coupled to the Higgs bosons through triangle loops including heavy charged fermions, 
charginos and in the case of CP-even Higgs bosons also W bosons and charged Higgs bosons 
as well as sfermions. A does neither couple to gauge bosons at tree level, cf. Tab. |2]l|, nor to 
charged Higgs particles, cf. Tab 



!T|. Furthermore A flips the sfermion helicity whereas it is 
conserved in the coupling to the photon so that sfermion loops do not contribute to the 777! 
coupling. The effective '-y^h/H coupling for incoming photons fcf, fcg is given by ^ 



la 



It: 



h,H 



(3. 



with the form factor 12 



■^v = ^N^Qjg^ffA'^^iTf) + g^wwA'^irw) + g^H+H-Afj^{TH±] 



f 



(3.9) 



and 



A^f/^.ir) = 2r[l + (l-r)/(r)] 



-r[l-r/(r)] 
-[2 + 3r + 3r(2-r)/(r)] 

The parameter r^. is defined as = AM^/M^ and the function /(r) is given by 



(3.10) 



arcsm 



2 1 



fir) 



log , — tTT 



r > 1 



r < 1 



(3.11) 
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In the cross sections given below, in the parameter r is equal to the cm. energy of the 
process. The couplings g^xx are given in Tabs. and ^Tl]. iV/ denotes the colour factor 
of the corresponding fermion / and Q jf^f) the electric fermion (sfermion) charges in units of 
the positron charge. The effective coupling 77^4 can be cast into the form pD] , ^ 



MAe^.apk'^k^ (3.12) 



27r 

where the form factor Ai^ is given by ||29| 



Ma = Y.^lQ)9AffAj{y) + Y: ^-^9a,U-4-(->c-) (3.13) 



with 

Af^-^ir) = 2r/(r) (3.14) 

After integration over | cos^^| < c, where 6 denotes the scattering angle between the quark 
and the direction of the incoming photons in the cm. frame, the polarized LO signal cross 
sections, labeled by the index S, are given by 

N^Gla^pmlc 



647r3 



4;/"^ = (3.15) 



'Sm 

The generalized form factor ($ = /i, if , A) is defined as 

= -. — 

1 — + «7$ 



(3.16) 



with the reduced mass /i$ = M^/s and the reduced width 7$ = [M$r$]/s where r$ denotes 
the total width. The velocity P is given by /3 = (1 — Am^/sY^'^. Obviously, since the Higgs 
bosons carry spin 0, the = ±2 cross sections vanish. 



The generic diagrams contributing to the NLO processes, cf. Fig. |3.9| , involve the QCD 
corrections to the quark and squark loops in the 77$ form factor due to virtual gluon ex- 
change. For the t and b loops the QCD corrections are known for finite quark and Higgs 
masses |]55| , |56| whereas for squark loops they have only been calculated in the large squark 
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9<1>H+H- 




SM 


H 






MSSM h 
H 



COS 2/3sin(/3+a) 
2 cos^ 8w 



sm{/3 — a) + 
cos(/5 -a)- -Z-t""' 



A 



Sij cos a — Qij sin a 

Sij sin a + Qij cos a 
—Sij cos P — Qij sin /3 











H 






H 



A 



(// — Q/ sin^ 6w) sin(/5 + a) — Ql'j sin a — S'-j cos a 

■guff ^ -^{li - QfSin^Ow) cos(/5 + a) Q'-j cos a - S-^ sina 

—Qij sin P + S'-, cos /? 



I f 

m) 



Table 3.1: MSSM Higgs boson couplings to charged Higgs bosons, charginos, sfermions and 
neutralinos. Qij and Sij (i/j = 1,2) are related to the mixing angles in the chargino sector, 
Q"ij and S'ij (i/j = l,..,4j to those in the neutralino sector, cf. Refs. ||/. /| denotes 

the third isospin component. 



mass limit In order to improve the perturbative behaviour of the quark loop contribu- 
tions, the QCD corrections are expressed in terms of the running on-shell masses mo„(/i). 
The scale /x has been identified with fi = The running mass is normalized to the pole 



mass niq via 



nir, 



(3.17) 



This definition of the running mass allows to properly take into account threshold effects at 
a/s = 2mg. In contrast, the definition of the running MS mass 

,2 



rriqifi) 



TX 



1 + — h: + In -^T 



(3.18) 



leads to an artificial displacement between the running mass and the pole mass at /i 



m, 



q- 



mo„(/i) = m,(/i) 



4 a,(mg) 
3 



TT 



(3.19) 



The QCD corrections to the Higgs decay into qq involving virtual gluon exchange and real 
gluon radiation have been calculated, too, |]58| , [59[] . The arising large logarithmic contribu- 
tions are absorbed in the running MS mass ^g(/i) at the scale /z = ^/s. The full MSSM 
electroweak and SUSY-QCD corrections are known ||62[. Since they are moderate they have 
not been implemented. Only the gluino corrections can become large if tan /3 and the hig- 



gsino mixing parameter /i are large ^2 
2.) Background process 

The generic diagrams contributing to the background process 77 qq at Born level and 
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Figure 3.10: Generic Diagrams contributing to the background process 77 qq at leading 
and next-to-leading order. 



next-to-leading order are depicted in Fig. |3.10| . At leading order the polarized background 
cross sections after integration over | cos 9\ < c read 



a 



++/- 

B,qq 



a 



+-/-+ 

B,qq 



S{1 - c2/52) 
S{1 - c2/32) 



2(3c + (1 - c'(3') In 



1+Pc 



l-(3c_ 

-2c(3^ + 8c(3^ + 4c^(3^ - W(3c + (5 - 



0^13^) In 



1 



(3.20) 

-13c 



I -(3c 



Qq denotes the electric charge of the quark in units of the positron charge and a the elec- 
tromagnetic coupling. The NLO 2-|-3-jet cross section is built up by the virtual corrections 
involving self-energy contributions, vertex corrections and box diagrams and by the brems- 



strahlung processes, cf. Fig. p.lO| . The virtual cross sections involve UV and IR divergences. 
The UV singularities are absorbed by the renormalization of the quark mass and the '')qq 
vertex. The brems-strahlung process encounters IR singularities which cancel those arising 



in the virtual cross section. The results for polarized photons are given in Refs. [^, |50 
3.) Interference contribution 

The polarized interference cross sections between signal and background process in leading 
order 



7(fci) + 7(^:2) ^ q{pi) + q{p2) 



(3.21) 



are given by 



a 



KGFa^Ql(3{l-(3^) ^ l + f3c 

m — 

I -(3c 



4^2- 



TT 



X 



ghqq(3 Re {Qh) + gHqq(3 Re {Qh) 



9Aqq 



a 



+-/-+ 







(3.22) 



after integrating out cos 5 in the interval [— c, c]. 
Virtual corrections 

The virtual interference cross section in next-to-leading order is obtained from the interfer- 
ence of the virtual NLO background and the LO signal diagrams and vice versa. The UV and 
IR singularities which turn up in the loop integrals are treated in dimensional regularization, 
i.e. all cross sections are calculated in n = 4 — 2e space-time dimensions. The matrix 75 in- 
cluded in the pseudoscalar Higgs- Yukawa coupling has been treated in the 't Hooft/Veltman 
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prescription in n dimensions. After averaging over the photon spins and evaluating the 



n-dimensional two-particle phase space the unpolarized virtual NLO cross section reads 



sm 



J2 2Re[MfMl* + -Ms-^i^l (3.23) 



where 



ti = t-ml = {h-pi)^ -ml (3.24) 
Ml = u-ml = {ki-p2f -ml 

and M.^^ denotes the Born amplitude, the virtual amplitude. The number of photon 
spin degrees of freedom in n dimensions is — 2 so that averaging over the spin leads to 
(n — 2)~^ = (1 — e)~^/4. The mass parameter /i has been introduced because the coupling 
constant is not dimensionless any more in n dimensions. The spacial angle constant 

= {4tt)~^~^'^ and the remaining factors result from the calculation of the n-dimensional 
2-particle phase space. Since only the initial photon state Jz = couples to the Higgs boson 
the polarized interference cross sections for Jz = ±2 are zero. Due to CP-invariance the 
polarized Jz = interference cross section is thus given by the unpolarized result: 

a++ = aj~ = 2^7''°' (3.25) 

It is therefore sufficient to calculate the unpolarized interference cross section in order to 
get the polarized result. The virtual loop integrals are reduced to scalar integrals by means 
of the reduction procedure outlined in Ref. [Q. The scalar integrals are listed in the Ap- 
pendix. The virtual corrections encounter poles due to UV and IR singularities but no 
coUinear divergences since the quarks are massive. The UV divergences are absorbed by the 
renormalization of the quark mass, the quark wave function, the Yukawa coupling and the 
quark-photon coupling. The renormalization conditions for the quark self-energy S(p) in the 
on-shell scheme 



J:ni^ = m) = and ^^^^^^ 



= (3.26) 



result in the renormalization constants of the quark mass and the quark field 

Z^ = Z2 = \- [- + ^"j (3.27) 

The colour factor is given by Cp = {N^ — 1)/{2N^. The constant summarizes the terms 
that typically arise in dimensional regularization 



C, = r(l + e) ( ^ ) (3.28) 



The Ward identity fixes the renormalization constant for the quark-photon vertex: Zi = Z2. 
Since in NLO QCD processes the Higgs fields and the vacuum expectation values are not 
renormalized the renormalization constant for the scalar Higgs- Yukawa couplings is given by 

Z^fj = ZmZ2 , ^ = KH (3.29) 
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The pseudoscalar Higgs- Yukawa coupling includes the matrix 75. The 't Hooft/Veltman 
prescription, applied for the treatment of 75 in n dimensions, breaks Lorentz and chiral in- 
variance. This requires the introduction of a counterterm in order to restore the symmetries. 
The renormalization constant for the A coupling to fermions reads 

^Aff = ^m^2^5 (3.30) 

with the constant 

Z5 = 1 - 2Cf— (3.31) 

TT 

In order to absorb large logarithms in the QCD corrections the Yukawa coupling is defined 
in terms of the running MS quark mass. The remaining IR singularities are canceled by the 
contribution from the soft gluons. 

Gluon brems-strahlung 

The next-to-leading order correction due to gluon brems-strahlung 

l{k{) + 7(^:2) ^ q{pi) + q{p2) + g{k) (3.32) 

is built up by the interference of the gluon radiation diagrams of the signal and background 
process. It encounters IR singularities resulting from soft gluon radiation. For the calculation 
of the 0{as) real correction to the interference part, the cross section a] is divided into 
an IR finite and IR singular part 

af^^=[af^^-aE] + aE (3.33) 

The cross section cte contains all IR singularities so that the sum in brackets is manifestly 
IR finite. aE can be obtained in the Eikonal approximation where the soft gluon momentum 
is neglected with respect to the quark momenta. In this limit the real singular amplitude 
factorizes from the Born amplitude. 



- M,oT,^gs \ -^^ ) (3.34) 



T°- denote the generators of the colour group S'[/(3) and e{k) the gluon polarization vector. 
Summing over the gluon polarizations the matrix element squared reads 

E \MLf - 4^-- -^.-^]Y. \M.o? (3.35, 

The differential three particle phase space dPS^i^P = ki + k2;pi,P2,k) which turns up in 
the calculation of the 2—^3 process ( |3.32| ) can be decomposed into two two-particle phase 
spaces: 

dPS3{P;pi,P2,k) = -^dPS2{P;k,Q)dPS2{Q;puP2) (3.36) 

The two differential phase space factors dPS2 correspond to the processes where the two 
photons with total momentum P decay into the gluon and an intermediate state X with 
momentum Q which subsequently decays into the quark anti-quark pair. The invariant mass 
of the state X is given by = zs {Amy s < z <1). The upper limit of z corresponds to 
the IR region where the gluon momentum k approaches 0. The lower limit is given by the 
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fact that the invariant mass of X must be large enough to produce two quarks. 



In the calculation of cr^; the decomposition ( p.36|) allows to factorize the soft gluon kine- 
matics from the remaining kinematics which become equal to the kinematics of the Born 
process 77 — >■ qq in the IR region. Since the singularities originate only from the soft gluon 
momentum, the variable z is set equal to 1 in the quark momenta in the IR limit so that 
the quark velocity is given by /3 = (1 — 4mq/s)^/^. The differential Eikonal cross section can 
then be written as 

d(7E = CEdaio (3.37) 
where Ce contains the IR singularities 

and doj^o is the LO cross section of the process 77 qq 

daLo = —-^-—^dPS2iP;pi,P2)y2\MLo\^ (3.39) 
8s(l — e)^ ^-^ 

The factor l/[8s(l — e)^] results from the flux factor and the average over the photon spin 
degrees of freedom. The differential two particle phase space is given by 

dP52(P;pi,P2) = ^(^) ^^^^^ dco^e d<\> , P=sjl- ^ml/s (3.40) 

The calculation of dPS2{P', k, Q) in n dimensions leads to 

dPS2{P-XQ) = ^fl![/^y a-^)"V (l_,)-e 

^ ' '^^ Stt V s y r(i -e) ^ ^ 

V = 1(1 - COS ^0), (3.41) 

^ S 

where 9q denotes the angle between the gluon and the incoming photons in the cm. system. 
With dQ^ = sdz we have 



2tt IQtt 
with containing the e dependence 



dPS2iP; k,Q)^= \,J^ F, dz dv (3.42) 



The integration boundaries are given by 

2 

Tfi 

< < 1 , To < 2 < 1 , To = 4^ (3.44) 

s 

Keeping in mind that the quark momenta are parameterized according to the Born kine- 
matics the straightforward calculation of the Eikonal factor Ce results in 

Ce = C^Ce'^ |1[1 - (1 + (3')fm + (1 + (3')g{(3) + 2/(/3)| (3.45) 
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C. = r{l + e)(^P^] (3.46) 



where 

= rn 

,s(l - To 
and 

The infrared singularities of daE = CEdaio cancel those of the virtual corrections. The 
finite contribution to the interference radiation cross section 

[rfaf ^ - daE] = ^/PSsiP; h, h, k) - \^s^ng\'] (3.48) 

is calculated numerically in 4 dimensions, i.e. e = 0. The momenta in the interference 
matrix element Aij are parameterized according to the three jet kinematics where z 7^ 1. In 
contrast, in the singular matrix element Msing, calculated from Eq. ( |3.35|) , only the gluon 
momentum is given in the three jet kinematics and the quark momenta are parameterized 
in the Born kinematics since they have to be treated in the same way as in the integration 
of daE- 

Adding the 0{as) virtual and brems-strahlung contributions provides the NLO interfer- 
ence cross section. The total interference cross section without cuts is also given by the 
imaginary part of the Higgs-77 form factor via the optical theorem. Since the form factor 
at NLO can be extracted from the literature ^ it serves as a quantitative cross check 
for the obtained result. 

4.) Two-jet final state 

For reasons outlined above the photons will be taken polarized and the bottom-quark pro- 
duction will be analysed in the two-jet final state topology. A final state will be regarded as 
two-jet event if the gluon energy Eg is less than a minimal gluon energy or if two of 
the three jets are coUinear. In this analysis ii^™" will be chosen as 

E™" = 0.1^ (3.49) 

where y/s^ denotes the cm. energy in the 77 fusion process. Two jets will be combined to 
a single jet if the angle a between them is less than 

a^in = 10° (3.50) 

The 2-jet result can be obtained from the NLO result and the 3-jet cross section o"3j(77 — > 
bb + g) which has been calculated for polarized photons in the signal, background and inter- 
ference process. The two-jet cross section is then given by 

a2j(^^^hh) = <^NLO (3.51) 

dEg daibb) daibg) da{bg) 



dEg I da{bb) da{bg) da{bg) 



Leading higher order contributions due to large double logarithms, which become important 



in the 2-jet topology for = 0, have been resummed [^, |5^. The resummed cross section 
is given by 



^reswn ~ '^LO (3.52) 
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Figure 3.11: Schematic one-loop topologies contributing to the form factor J^g [diagram (a)] 
and Tq [diagrams (h)-(d)]. The blob denotes a hard 2 — > 2 subprocess compared to the soft 
momentum k. 

For signal (S), background (B) and interference (I) process, respectively, the resummation 
form factor JF reads 



^5 



T 

T T 

^ q 



(3.53) 



JFg denotes the Sudakov resummation factor and the non-Sudakov factor. The dynamical 
origin of the signal, background and interference form factors is explained in detail in 
A brief understanding at 0{as) shall be given here. At NLO the Sudakov and non-Sudakov 
double logarithms in the Jz = state arise in four non-overlapping kinematic regions. They 
are depicted in Fig. |3.11| . One is related to the emission of a soft real gluon and the exchange 
of a soft virtual gluon that connects two helicity conserving vertices. This configuration 



[diagram (a) in Fig. |3.11|| occurs both in the signal and background process. The soft gluon 
contribution can be factorized from the Born amplitude resulting in the NLO term of the 



expansion of 



For the background there are three more kinematic regimes [diagrams 



(b)-(d) in Fig. |3.11|| . They involve a soft virtual quark connecting a helicity conserving and a 
helicity violating vertex. Factorizing these contributions from the Born amplitude one is left 
with the NLO term in the expansion of the non-Sudakov form factor J^q. Since the Sudakov 
and non-Sudakov factors factorize at the amplitude level. 



J^resum 



(3.54) 



the results of Eq. ( ^.53| ) are obtained. 



The form factors Tg and Tq^ including the leading and next-to- leading order running 



coupling otsi are taken from |B2[. The cross section for hh production with initial state 



helicity Jz in the 2-jet topology including resummation then reads 



' (77 ~^ bb) 



a. 



2i 



^ LO resum 



(3.55) 



For J2 7^ a resummation of higher orders is not necessary. For = Tresum reads 



Jz=0 



(3.56) 



T{q.!^ denotes the 0(a;s) contribution of the form factor JF, cf. Eqs. ( p.52| ), ( |3.53| ). The 
definition ( p.56| ) takes into account that the LO cross section and the full next-to-leading 
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order result is already included in cTgJ °. In the notation of the 0{as) part of the form 
factors reads 

-rsKas) = 1 In — ^ --In— + In 

TT 

3J^- 



Julias] 



mt 



4/? 
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(3.57) 



where the one-loop hard form factor is given by 



An 



mt 



(3.58) 



The cut Ic was introduced in the calculation of the resummation factors in order to separate 
soft gluons from hard gluons. In the soft gluon region the Eikonal-approximation, exploited 
in the calculation of the resummation factors, is valid. The cut L < E"™" further subdivides 
the 2-jet region that is characterized by gluons with energies less than The dependence 



on this phase space slicing parameter cancels at one-loop level since the full NLO calculation 
is included. As suggested as best guess in Ref. the cut Ic will be chosen equal to 
in the following. The strong coupling constant is taken at the scale ^/s. 



mm 

a 



3.3.2 The r+r" channel 

For the LO process 77 t^t~ the signal, background and interference cross section can 
be extracted from the corresponding LO quark cross sections ( p.l5|) , (|3.2CI|) and (|3.22|) by 
replacing the Yukawa coupling in the Higgs decay appropriately, the quark mass and charge 
with the analogous r lepton values and setting the colour factor Nc = 1. At NLO there are 
no QCD corrections in the final state but only in the 77$ form factor. 



3.3.3 Chargino and neutrahno production 



Likewise the r+r^ channel the chargino and neutralino production does not involve final 
state QCD corrections. Due to the different masses in the final state the expression for 
chargino production via intermediate Higgs states is more cumbersome than in the case of 
quark anti-quark production. With the Higgs to chargino couplings listed in Table and 
with the same notation as in subsection |3.3.1| the chargino xtxj production cross sections 
for photons with initial polarization = after integration over | cos^^| < c can be cast into 
the form 




Xi Xj 



i9<fix^X39'PXjXi d^XiXjS'PXjxJ 



^ y9Ax^xj9Axjx^ + 9ax^xj9axjx^^ 
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+ 2(1 - /i, - fij) Re QhQnighx.xodHx.xj + slx.xr^HxjX^) 



^^^Re 



GhGHighx,Xj9HxjX. + 9hxJX^9Hx^XJ' 



ip=h,H 



2(1 - fli- fXj) Re G<fiG*A{g*^XJX^9AxJX^ - 9m^Xo9*Ax^xj) 



^^^Re 



GipGA{9ipxjXr9AxiXj 9'fiXt Xj 9Axj Xi I 



(3.59) 



The interference between the scalar and pseudoscalar Higgs channel is proportional to the 
minus (plus) sign for o^^ [a ). /ijj denote the scaled chargino masses M'^^./s and (3ij the 
velocity for non-degenerate chargino final states. The signal cross sections for = ±2 are 
zero. The LO cross section for the background process 77 —>■ xtxi can be obtained from 
the corresponding quark process Eq. ( p.20| ) by replacing the quark mass (charge) with the 
chargino mass (charge) and setting = 1. After cos 6' has been integrated out in the range 
[— c, c] the polarized cross sections of the interference process 77 xtxi reads 



a 



++/— 

I.ii 



Ans 1 — PiiC 

Yl + Gl){gvX^X^ + 9*^x^X^) T {Q ^ ' ^;)(fex. " 9, 



miXi' 



- \{Qa + Q\){9Ax.x^ + ^AxaJ T " '3A){9Ax^X^ - 9*Ax^xJ } 



a 



+-/-+ 

I.ii 







(3.60) 



The minus (plus) sign in the contributions proportional to (^$ — ^J) ($ = h, H, A) corre- 
sponds to (cr ). Assuming CP-invariance, the couplings g<i>xiXj are real and orthogonal 
so that the formulae ( ^.59 ) and ( 3.6(J| ) adopt a much simpler form. 

In the neutralino channel there are no background and interference contributions at LO. 
The neutralino signal cross section is given by the chargino result (|3.59| ) after replacing the 
masses appropriately and the chargino couplings g<s>XiXj with the neutralino couplings g^^o^o, 
cf. Table ^]l|. For equal neutralinos in the final state Bose symmetry requires an additional 
factor 1/2. 



3.3.4 Results 

The cross section of the linear collider process 
■77^X1X2, Xi^2 =t,b,T,xf,Xi 



e e 



(3.61) 



is obtained by folding the cross section of the subprocess 77 X1X2 denoted by a with 
the 77 luminosity. The 77 luminosity for Compton scattered photons off (polarized) elec- 
tron/positron beams has been calculated It has been given as a function of the photon 
energy, of the initial electron/positron and laser polarization as well as of the final state 
photon helicities. 

The differential photon luminosity C'^'^ is maximal and peaked towards high energies if 
the electron/positron and laser beams are polarized and have opposite helicity. The elec- 
tron/positron helicities Pe± will therefore be chosen equal to 1 in the following and the 
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Figure 3.12: The differential 77 luminosity as a function of z = y/s^/^/s^ for the e~^e~ 
cm. energy ^/s^ = 500 GeV. y/s^ denotes the 77 cm. energy. The curves correspond to 
different polarizations of the final state photons. The full curve is the result for the outgoing 
photon helicities P^* = P^* = 1 and the dashed one for P^* = P^* = —1. The curves for 
P^ = 1, P'y* = —1 and P^* = —1, P^* = 1 are identical and added in one curve. 



incoming photon helicities P^^j are set equal to —1 each. For illustration, Fig. 3.12 shows 



the differential luminosity for this helicity choice and ^/s^ = 500 GeV. The curves corre- 
spond to different helicity combinations between the outgoing photons. As can be inferred 
from the figure, the luminosity is maximal and peaked at the upper end of the energy range 
of the scattered photons if their helicities are Pj* = P^* = 1. 

The polarized fermion, respectively SUSY particle production cross section is given by a 
superposition of the different helicity combinations of the scattered photons: 



0"^ e e 



X1X2) = dz J2 ^^-p^ a'^^'^ill - s,, = zh,,) (3.62) 



where tq = (Mxi + Mxj)/ y/s^ with y^s^ denoting the cm. energy of the incoming electron 
and positron, y^l^ stands for the cm. energy of the 77 fusion subprocess. The upper 
integration limit depends on x = {2^ys^uJo) / where Me denotes the electron mass. The 
laser energy uq will be chosen equal to 1.26 eV in the subsequent analysis. 

The formulae of the polarized subprocess cross sections a for the signal, background and 
interference reaction have been given in the previous subsections. In the case of bb production 
the resummed cross section for the 2-jet final state, cf. Eq. (p.55|) , will be used. 

bb final state 

Fig. |3.13| shows the total cross section and the result for the signal and background part 
of bb production in the two-jet topology as a function of the pseudoscalar Higgs mass Ma- 
The cm. energy of the incoming electron and positron has been chosen such that the energy 
squared of the subprocess s^^ = z^See is equal to M\. zq is the position where the differential 
luminosity [c/£++ + C ]/dz becomes maximal for ^/s^^. The fusion process folded with the 
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Figure 3.13: The total, signal and background cross sections of the process 77 —>■ bb for 
H = M2 = 200 GeV and tan/3 = 7. cos 6* has been integrated in the range [— 0.5...0.5] . 



77 luminosity is then integrated over the range 

[Zmin, Zmax] = [zq - 5 GeV/ ^/s^^, Zq + 5 GeV/ ^/s^^] 

= [(MA-5GeV)/v^,„(MA + 5GeV)/v^J (3.63) 

This choice of Zq and y/s^^ guarantees that the pseudoscalar Higgs boson A is nearly produced 
on-shell in the signal process 

dz (tJ^(77 bb; s^^) 

- min 

particularly since [dC^^+C ]/dz drops rapidly around the maximum, cf. Fig. p.l2| . Further- 
more, the signal process is folded with the maximum luminosity for a given electron/positron 
cm. energy. The integration interval (2 x 5) GeV/ ^/igg accounts for the limited energy res- 
olution of about 10 GeV which may be achieved at a high- luminosity e~^e~ linear collider. 

The interference cross section here and in the following plots is not shown separately since 
it is fairly small in this specific numerical example, only of O{10~^ fb). The heavy CP-even 
Higgs mass Mh and Ma differ by at most ~ 2.5 GeV for the chosen SUSY parameter set. 
The interference cross section, which is proportional to the real part of the MSSM Higgs 
propagators, is therefore almost vanishing since A and H are produced nearly on-shell and 
the contribution of the light scalar Higgs is very much suppressed as it is far off-shell. 

The SUSY parameters are chosen as = M2 = 200 GeV, tan/3 = 7, common sfermion 
mass Ms = 1 TeV and the SUSY breaking trilinear couplings are set equal to 0. The NLO 
corrections and leading higher order contributions have been included in the way outlined 
above. The 0{as) real and virtual corrections to the signal part amount up to ~ 20% 
compared to the LO cross section. The NLO background cross section is about a factor 
10 to 60 larger than the LO result in the considered mass range because at next-to-leading 
order the Jz = background suppression by m^/s is removed and becomes of 0{1). In the 
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(3.64) 
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case of the interference part the NLO corrections are large. 

The background contribution can be reduced enormously by cutting away the 3-jet events. 
With the chosen cuts defining the 2-jet topology the background is suppressed by 2 orders of 
magnitude compared to the complete 3-jet NLO cross section. The reason is that the 2-jet 
NLO cross section is dominated by the helicity-fiipped Jz = states which are suppressed. 
[It is the non helicity-fiipped Jz = states which remove the ml/s suppression at NLO.] In 
contrast the signal is reduced by ~ 40% while the interference part is reduced by an order 
of magnitude. 

The background can further be suppressed by cutting the integration region in cos 6 where 
6 denotes the angle between the 6-quark and the beam axis. The integration range has been 
chosen [—0.5, 0.5] in Fig. |3.13| . More than 90% of the background proceeding via t- and 
li-channel diagrams is cut away whereas the isotropic signal is reduced by a factor 1/2 only. 

In the 2-jet topology the resummation turns out to be important. It increases the 2-jet 
signal by up to ~ 30% and changes the interference 2-jet cross section by C(100%). For 
the background reaction the impact is even larger. At the upper mass range of Ma it is the 
main contribution to the complete 2-jet background result. 

The signal process shows a rich structure. The two peaks at Ma ~ 280 and 540 GeV 
are due to the behaviour of the 77^4 form factor which peaks when the chargino thresholds 
XiXi X2X2 ^'^^ reached. The masses of the charginos for the chosen parameter set are 

M-± = 141 GeV , M-± = 270 GeV (3.65) 

The kink around 410 GeV can be understood from the H ^ bb branching fraction, c.f. Fig. p.8| . 
It drops when the X1X2 channel opens. The peak at ~ 350 GeV, finally, is a mixture of the 
behaviour of the branching fraction and 77^4 form factor at the tt threshold. 



As can be inferred from Fig. |3.13| the resummed 2-jet signal cross section amounts up to 
a few fb whereas the background is less than 0.5 fb. By focusing on the 2-jet final states 
and cutting the integration range in cos^ the signal to background ratio can be enhanced 
to significances S/\fB above 5 in the whole Ma range 200. ..800 GeV for an integrated 
luminosity of J £ = 100 fb~^ in three years. Demanding the total cross section to exceed 
1 fb 77 fusion allows to find the pseudoscalar and scalar Higgs bosons for masses less than 
about 400 GeV. Higgs production via Compton back-scattered photons therefore provides a 
powerful mechanism for the heavy MSSM Higgs boson search in the bb channel. 

ti and r+r^ final states 



Fig. |3.14| illustrates the results for the tt and r+r^ final states at next-to-leading order. If not 
stated otherwise the SUSY parameters and the smearing procedure with the 77 luminosity 
are the same as in the U) case in the following. 

For ti the (2+3)-jet NLO cross section has been plotted. Since the electric top-quark 
charge is 2/3 and enters in the fourth power in the background process, the background is 
rather large. Furthermore, the 2-jet topology is not suppressed very much because of the 
large top-quark mass. Therefore the restriction on the 2-jet final state is not efficient. Also 
due to the large top mass the cut in cos^ does not lead to a significant enhancement in 
the signal to background ratio though it may be improved if the cut is chosen equal to 0.7. 
Nevertheless, the significance does not achieve the 5cr level. 

Below the ti threshold the complete t'^t^ production cross section amounts up to (9(10 fb). 
The charge is unity so that the background is large. Since the r mass is rather small 
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Figure 3.14: Full lines: The signal cross sections of the processes 77 ti (tan/? = 7) and 
77 — * r+r~ (tan/? = 7,30) for fi = M2 = 200 GeV. Dashed lines: Background processes 
only. cos9 has been integrated in the range [—0.7. ..0.7]. 



a cut in cos 6 is worthwhile. The best signal to background ratio can be achieved for the 
integration region | cos^| < 0.7. Nevertheless for moderate values of tan/5 = 7 the signal is 
too small compared to the background cross section to reach significances above 5. The sit- 
uation changes for larger values of tan (3 since the branching fraction of A — >■ r+r" increases 



with tan/3 as can be inferred from Fig. p.8| . The signal cross section is therefore larger for 
tan /? = 30 whereas the background cross section remains the same so that in the mass range 
Ma ~ 300... 480 GeV significances exceeding 5 with r+r^ production cross sections larger 
than 1 fb can be achieved. 

In contrast to the t~^t~ channel, increasing the value of tan/? will not enhance the signal 
to background ratio in ti production since the A Yukawa coupling to the top quarks is 
proportional to cot j3 so that the ti signal cross section decreases with rising tan/?. 

The peaks and kinks in the ti and r'^r" signal cross sections can readily be explained by 
the behaviour of the H and A branching fractions in these channels and the 77^4 form factor 
when the various chargino and the ti production thresholds are reached. For tan /5 = 30 the 
chargino masses are 

M-± = 149 GeV , M-± = 266 GeV (3.66) 
Chargino and neutralino production 

Fig. p. 15| presents the NLO cross sections for chargino and neutralino production as a function 
of the pseudoscalar Higgs mass. Each curve shows the sum of all possible chargino and 
neutralino final states, respectively, except for XiXi- The chargino masses for the chosen 
parameter set have been given in ( |3.65D and the neutralino masses are 



M,o = 85Gel^ M,o = 148 GeV 

M^o = 208 Gel/ M^o = 271 GeV ^ ^ 

Since the chargino and neutralino masses are rather large a cut in 6 does not improve the 
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Figure 3.15: Full (dashed) line: Signal cross section of the process '-ff X^XT ill ^ X^X*^)- 
Dotted line: Background cross section of the process 77 — ^ X'^X'^ ■ All possible chargino and 
neutralino final states except for XiXi are added up. The SUSY parameters are chosen 
II — M2 — 200 GeV and tan/3 = 7. cos^ has been integrated in the range [—1, 1]. 



signal to background ratio. Therefore cos^ has been integrated in the hmits —1 and 1. 

Above the xtXi production threshold, i.e. Ma ~ 280 GeV, the chargino channel opens. 
Since the chargino charge is three times larger than the 6-quark charge, the background is 
large and amounts up to (9(100 fb). The kink at ~ 540 GeV is related to the xtX2 threshold. 

The signal cross section develops a rather complex structure due to the behaviour of the 
H and A chargino branching fractions at the ti, X1X2 ^"^^ ^^e xtX2 thresholds. The form 
of the signal at the tt and X2X2 thresholds is in addition influenced by the behaviour of the 
77A form factor. The cross section varies between ~ 1 to 6 fb. It is too small to allow for 
the Higgs detection in the chargino channel. 

Above Ma ~ 230 GeV, the threshold for the x?X2 production is reached and the neutralino 
channel opens. It does not acquire any LO background and interference contributions due 
to neutralinos. The kinks and peaks in the signal curve correspond to the various chargino 
thresholds and the tt threshold. The neutralino branching fraction drops when the chargino 
channels open up. On the other hand the 77A form factor peaks when the XiXi ^-rid X2X2 
thresholds are reached. The signal cross section amounts up to a few fb. Due to the lower 
branching ratio compared to the chargino channel the neutralino signal is smaller. Above 
Ma ~ 280 GeV the neutralino channel has to fight against the background stemming from 
the chargino decays: Neutralinos can decay into a lighter neutralino and a Z boson, for 
example: 



xl^xUz 



(3.68) 



Charginos may decay into a neutralino and a boson: 



(3.69) 
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Due to the escaping LSPs and neutrinos the final states in the chargino and neutrahno 
cascade decays are rather similar. Since the chargino background is very large it will be 
challenging to separate the neutralino signal from the chargino background. Exploiting the 
different decay topologies, however, the neutralino channel may serve for the heavy MSSM 
Higgs boson search also in the mass range above the chargino production threshold. 

3.3.5 Discovery reach 

The cm. energy in all production channels has been integrated in a narrow energy range 
around M^. Since the mass of the heavy scalar Higgs H differs hardly from it is also 
produced almost on-shell. Though it will be very difficult if not impossible to separate 
the pseudoscalar and scalar heavy Higgs particle, the detection of additional heavy Higgs 
particles will help to disentangle the MSSM from the SM if only one light Higgs boson has 
been discovered at the LHC as it might be the case in the parameter region Ma Z 200 GeV 
and tan /3 > 6 up to 15. 

The analysis has demonstrated that heavy MSSM Higgs production in polarized 77 fusion 
at a Compton collider provides an excellent mechanism to detect the pseudoscalar and scalar 
Higgs bosons in the bb channel for moderate values of tan f3. By this way the discovery region 
which is not covered by the LHC can be closed. In addition, the mass range up to which 
the Higgs bosons can be detected in 77 fusion extends up to ~ 0.8^/s^ in contrast to e'^e~ 
collisions with a discovery range of ~ 0.5^/s^. For the detection in the bb channel it is 
crucial, however, to investigate 2-jet final states. Including NLO and resummation of higher 
orders the analysis has been completed to the currently most accurate level. 

While the tt mode is not promising, an additional channel is provided by r+r^ production 
for large values of tan (3. The neutralino channel, finally, can be exploited in mass regions 
below the chargino threshold, if it is kinematically allowed, where it is not plagued by the 
large chargino background. Above the threshold the different topologies of the final states 
may help to extract the neutralino signal from the chargino background. 



Chapter 4 

The Lifetime of Higgs particles 



The two basic properties characterizing particles are the mass and the hfetime. As outhned 
in the previous chapter the masses of the SM and MSSM Higgs particles can be determined 
with high accuracy at the LHC and high-energy e~^e~ linear colliders. The determination of 
the lifetimes, i.e. the total widths of the Higgs bosons is a more difficult task, especially for 
Higgs states with narrow widths. 

Starting with a theoretical overview over the total widths and the main decay channels 
of the SM Higgs boson and the MSSM Higgs scalars, several mechanisms will be presented, 
subsequently, which can be exploited at e~^e~ linear colliders in order to determine the SM 
Higgs lifetime for masses in the intermediate range where it is narrow. The MSSM case will 
be discussed qualitatively. 



4.1 The SM Higgs boson decays 

The Higgs couplings to the W, Z gauge bosons and to the fermions are proportional to 
the masses of these particles, cf. Eqs. ( p.lO|) , (|2.14|) . Consequently, the Higgs boson will 
predominantly decay into the heaviest particles of the SM, i.e. W, Z gauge bosons, top and 
bottom quark, if this is kinematically allowed. 

The Higgs couplings to 77, 7Z and gg are mediated by heavy particle loops. The Higgs 
decays into these particles only play a role for Higgs masses below ~ 140 GeV, where the 
total Higgs decay width is rather small. They are interesting since they are sensitive to 
scales far beyond the Higgs mass and thus to new particles whose masses are generated by 
the Higgs mechanism. 

The main contributions to the ^^77 coupling come from top-quark and W boson loops. 
In the intermediate mass range, M\y < Mh < 2M^, the ly-loop contribution dominates 
and interferes destructively with the fermion amplitude. The same holds true for the H^Z 
coupling. The Higgs coupling to gluons is practically almost built up by top-quark loops 
and the branching ratio is only sizeable below the WW threshold. 

The decay modes discussed in the following are generated with the FORTRAN program 
HDECAY They include electroweak and QCD corrections Also the decay 



into off-shell particles below the threshold is taken into account p5|-[rT[]. 

In Fig. |4.1| the total decay width and the branching ratios of the SM Higgs particle are 
shown as a function of the Higgs mass. Below about 140 GeV the total width is less than 
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Figure 4.1: (a) Total decay width of the SM Higgs boson as a function of its mass, (b) 
Branching ratios of the dominant decay modes of the SM Higgs particle. 



10 MeV, i.e. rather smalL The Higgs preferentially decays into 6-quarks with a branching 
ratio of about 85%. The next important decay channels are provided by the decays into 
r~^r~, charm-quarks and gluons. Beyond ~ 140 GeV the decay into W bosons becomes 
dominant followed by the ZZ decay mode. Above Mh = 2mt the decay into top quarks 
is kinematically possible. The branching ratio, however, always remains below 20% since 
the decay width is proportional to the Higgs mass whereas the leading WW and ZZ decay 
widths grow with the third power of the Higgs mass. Thus the total width strongly increases 
with the Higgs mass, up to 600 GeV for Mh ^ 1 TeV. 
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4.2 Decay modes of the MSSM Higgs particles 

4.2.1 The total decay widths and branching ratios of non-SUSY 
decays 

The MSSM Higgs bosons mainly decay into heavy quarks and gauge bosons if kinematically 
allowed. This is due to the fact that the corresponding couplings are proportional to the 
masses of the particles which are generated by the Higgs mechanism. In contrast to the SM, 
however, the decay into bottom quarks becomes dominant for large tan f3 since the couplings 
are enhanced in this case, c.f. Table Furthermore, the couplings to W and Z bosons are 
suppressed by cos(/9 — a) or sin(/5 — a) compared to the SM couplings. The decay widths and 
branching ratios discussed below have been obtained by means of the FORTRAN program 
HDECAY ||6^. The Higgs sector contains the radiative corrections due to top/bottom and 
squark loops calculated in the effective potential approach, and the NLO QCD corrections 
as well as the mixing in the stop and sbottom sectors are included I^T] . Off-shell decays into 



vector gauge bosons and top-quarks below the threshold have also been taken into account 
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The leading order widths of h, H into gluons are mediated by quark and squark loops 
which are important for squark masses below about 400 GeV [^]. In contrast to the SM, the 
bottom quark contribution can become important for large values of tan j3 where the relevant 
coupling is strongly enhanced. The pseudoscalar A decay into gluons only involves quark 
loops and no squark loops since A flips the helicity of the squarks whereas the gluon coupling 
to squarks conserves the squark-helicity. The decays of the CP-even neutral Higgs particles 
h, H into photons are generated by heavy charged fermion, W boson, charged Higgs boson, 
chargino and sfermion loops whereas the corresponding A decay is mediated by fermion and 
chargino loops only. 

The heavy scalar particle H can also decay into a pair of light Higgs bosons or a pair of 
pseudoscalar bosons if kinematically allowed. The radiatively corrected Higgs self-couplings 
in the one- loop leading mf approximation are given by Eq. ( |2.49| ). Moreover, the heavy 
Higgs particles can decay into a gauge and a Higgs boson. 



Figs. |4.2| and show the total decay widths of the MSSM Higgs particles and the neutral 
Higgs boson branching ratios into non-SUSY particles as a function of the corresponding 
Higgs mass for two values of tan /3 = 3, 50. As can be inferred from Fig. [4.3| the light scalar 
Higgs boson dominantly decays into bottom quarks, independent of tan (3, with a branching 
ratio up to about 90%. The remaining 10% are almost solely supplemented by the decay 
into r's. At the maximum value of the light Higgs mass, i.e. in the decoupling limit, the 
branching ratios approach the SM values. 

For large tan f3 the dominant decay mode of the heavy scalar Higgs boson is the decay 
into bottom quarks (90%), followed by the decay into r+r^ which amounts up to about 
10%. For small values of tan/5, H preferentially decays into a pair of light Higgs bosons 
when kinematically allowed. Otherwise the b decay takes over the dominant role below the 
tt threshold. The next important channels are provided by the decays into W and Z bosons, 
respectively. Beyond the ti threshold the decay into top quarks is by far dominant. 

For large values of tan/5 the branching ratios of the pseudoscalar Higgs show the same 
pattern as those for H. For small tan (3 values the bottom decay only dominates below the 
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Figure 4.2: Tota/ decay widths of the MSSM Higgs particles as a function of the corresponding 
Higgs mass for tan (3 = 3,50. Decays into SUSY particles have not been taken into account 
and the common squark mass has been set to Ms = 1 TeV. 



ti threshold, the next important channels being the Zh and r+r~ decay. Above the Zh and 
below the tt threshold the gg channel turns up. As soon as the ti threshold is reached, the 
tt decay is overwhelming. 



4.2.2 Decays into SUSY particles 

If MSSM Higgs boson decays into charginos and neutralinos are kinematically allowed they 
have to be taken into account. Their branching ratios may yield 100% below the various 
top-quark thresholds so that the Higgs boson search at the LHC becomes difficult because 



some of these decays develop invisible signatures ||45[] . 

The Higgs decays into sfermions of the ffist two generations are not important. If decays 
into sfermions of the third generation are kinematically allowed they can become sizeable, 
however, and reach branching ratios of up to 80%. 
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Figure 4.3: Branching ratios of the neutral MSSM Higgs bosons as a function of the corre- 
sponding Higgs mass for tan (3 = 3,50 and vanishing mixing. Decays into SUSY particles 
are not included and the common squark mass has been set to Ms = 1 TeV. 
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4.3 Determination of the lifetime of Higgs bosons 

The lifetime of the Higgs bosons can be determined by exploiting the relation 

Ttot = Ti/BRi (4.1) 

where Fj denotes the partial width of the decay H —>■ final state i and BRi the corresponding 
branching ratio. For this task several measurements have to be combined. The branching 
ratio BRi is determined by measuring both the exclusive process into the final state i and 
the inclusive Higgs rate in the same production channel X ^ H: 



excl _ , F R t? V / 



Considering all possible production channels at e"'"e~ colliders the Higgs-strahlung process 
e^e~ — * ZH is the only channel being suitable for an inclusive measurement. The Higgs 
scalar is detected by analysing the recoil spectrum of the Z boson decay products that are 
visible. In the case of the MSSM also the associated production channels Ah and AH have 
to be taken into account. 

The partial decay width Fj is extracted from the inverse process i ^ if or in associated 
production where the Higgs particle is radiated off particle i. The Higgs boson can either 
decay into the same state i or another state j. In the latter case the branching ratio BRj 
has also to be determined in the Higgs-strahlung process. 

or Oi^H^j ~ TiBRj 

If either the initial or the final state i are not on-shell the corresponding Higgs form factor 
will be probed at different scales in production and decay, respectively, thus allowing new 
physics to enter in the determination of the total width. These new effects are associated 
with a scale A at which they become sizeable. If the scales at which the Higgs form factor 
is probed are small compared to A^, the error due to new physics in the extraction of Vtot is 

In the following the mechanisms which can be exploited at high-energy e^e~ colliders for 
the measurement of Ttot both in the SM and the MSSM in the intermediate mass range will 
be discussed from a theoretical point of view and some illustrative numbers will be given 
[73[| . The analysis will be model-independent up to the error originating from the scale 



dependence of the Higgs couplings. 

4.3.1 The total width of the SM Higgs boson 

In the intermediate mass range the relevant channels for the extraction of the total width 
are given hy i = 77, WW and ZZ. While the 7's are on-shell, the W and Z bosons 
can be off-shell. Demanding the 77 branching ratio BR-^^ to be bigger than 10~^ and 
BRww, BRzz > 10~^, the 77 channel can be used for Mj^ <155 GeV, the ZZ channel for 



MhZIIO GeV and the WW channel in the whole intermediate range, cf. Fig. |4.1| . For 
high-luminosity linear colliders this corresponds to an event rate 0(10). ..0(10^) for 77 and 
WW/ZZ final states, respectively: 

^ = 350 GeV 

Mh = 100.. .200 GeV : a{ZH) = 150.. .70 fb and / £ = 500 fb"^ 
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a) 77 channel 

From a theoretical point of view the 77 channel provides the cleanest method for the deter- 
mination of Ttot since the photons are on-shell both in the production and the decay channel. 
The 77 fusion Higgs production with the 7's resulting from the Compton scattering of laser 
light can be used to extract the Higgs decay width into 77: 

a 77 ^H) = Stt'^—-^-— (4.4) 

Mh dSjj 

dC^^ /ds^^ denotes the 77 luminosity at y/s^ = Mh- The cross section and hence the partial 
width can be determined with an accuracy of about 2% The on-shell 7's ensure the 

model-independence of the analysis. 

Yet, the measurement of the branching ratio BR^^ in the Higgs-strahlung channel 

e+e" ^ Zi/ Z + 77 (4.5) 

is affected by a huge background rendering the error in BR^^ as big as about 15% for 
Mj:^<130 GeV dTSf. This error translates into the maximum accuracy with which Ttot can 
be determined in the 77 channel. 

b) WW channel 

The WW channel is a valuable alternative to the 77 mode The branching ratio into 
W bosons, with one W being virtual, in the lower intermediate Higgs mass range can be 
determined with an error of (9(5%) down to Higgs masses Mh ~ 120 GeV |7^, ^ in the 
exclusive process 

(TzH^zww = a(e+e- ^ ZH ^ ZWW) ~ TzzBRww (4.6) 

[In the following the W and Z bosons may be understood as virtual where appropriate.] The 
partial width in turn can be extracted from the WW fusion process e~^e~ — Ve^^eH ||39|^1 
with 

Avi/ parameterizes the non-zero mass effects for H and W in the intermediate mass range. 
In the limit -C Mjj -C s it approaches zero, A^y 0. 

The W bosons in the fusion process are off-shell with a maximum virtuality of ~ Mvi//2. 
Hence, the model dependence introduced by anomalous HWW couplings is negligible com- 
pared to the experimental errors if this effect is associated with high scales A = 1 TeV. 

The H bosons produced in WW fusion can be best detected in the hh decay channel 

aww^bl = (^{WW ^H^bb)^ TwwBR^i (4.8) 

Therefore in order to extract the partial width Tww the branching ratio BR[H —>■ bb) has 
to be measured, too. This can be done in the exclusive process 

^ZH^zbl = ^(e+e- ^ZH^ Zbb) ~ TzzBR,-, (4.9) 

Together with the inclusive process 

azH = (Tie+e- ZH) ~ Tzz (4.10) 
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all ingredients necessary for the determination of Ttot are available 

F - - 2 

■p _ -I- WW ^ (TwW^bb ^ ^WW^bb^ZH j^-j^-j 

BRww BRwwBRhi o^zH^zbS'^zH^zww 
For example, for Mh = 120 GeV {^/s = 350 GeV, j C = 500 fb~^) the errors in the various 
cross sections are: i5a/a)^r^^^lJl ^ 2.6% |j78|, i5a/a)zH^zbb ~ 2.4% |7|] and {Sa/a)zH ~ 



2.1% [|76|. The error in Ttot is therefore dominated by the error in BRww being 0(5%). 
This results in 5Ttot/Ttot ~ 7.4%. 

With rising Higgs mass the uncertainty in the determination of -B-Rfej increases since 
the branching ratio decreases and thus renders its measurement more difficult. For = 



140 GeV an error in T^qi less than 10% ||76| , |78| , |79|| still seems feasible whereas for Mj^ near 



and above the H — > WW threshold the bb channel is not useful any more. 

Instead the decay H —>■ WW can be exploited in this mass range. The Higgs mass has 
to be reconstructed from the four-jet final state resulting from the decay of the W bosons. 
In addition, for Higgs masses where the decay H ZZ is not negligible, the ZZ and 
WW modes have to be separated by reconstructing their invariant 2-jet-masses. For Mh = 
160 GeV (v^ = 350 GeV, / £ = 500 fb-^) the cross section e+e" ^ WW ^ H ^ WW 
can be measured with an error of about 3.1% if an efficiency of ~ 30% for the detection of 



the WW mode is assumed. Hence, with {5a/a)zH^zww =3.5% |^ and {Sa/a)zH =2.8% 
Il77[| the error in Ttot will be 9.5%. 

c) ZZ channel 

Provided the Higgs mass is large enough the ZZ channel can be exploited for the measure- 
ment of the Higgs lifetime. The partial width T{H ZZ) is accessible in the Higgs-strahlung 
process 



aie-^e- ZH) = ^"^f^"'^ ^/(H - ZZ)[1 + A,] (4.12) 

where Az accounts for the non-zero intermediate Higgs and Z boson mass effects and Az —>■ 
for M| < M|r < s. One of the Z bosons is virtual. The HZZ coupling is measured at 
the scale = s in this process whereas the exclusive process e+e~ —>■ ZH ^ Z + ZZ 
which provides the branching ratio BR{H —>■ ZZ) probes the HZZ coupling at the scale 
= M|. Hence, for ^/s = 500 GeV and A = 1 TeV the error due to anomalous effects in 
the HZZ coupling may be ~ 25%. By measuring the Higgs-strahlung process at different 
cm. energies and extrapolating down to ^/s = Mz, the uncertainty due to new physics 
effects can be reduced to C(M|/A^). The ZZ fusion process e~^e~ ZZ H, though an 
order of magnitude smaller than the WW fusion process, may serve as a cross-check. With 
a Z boson virtuality of ~ Mz/2 the error accounting for anomalous HZZ couplings is less 
than in Higgs-strahlung. 

For the detection of the process HZ ZZZ most of the Z decay channels can be 
used since the final state does not encounter any extra neutrinos. Furthermore the ZZZ 
continuum background is small so that the error in the determination of the cross section is 
essentially given by the total rate in this channel. 

4.3.2 Total widths of the MSSM Higgs particles 

Since the MSSM contains a quintet of Higgs bosons the extraction of the lifetime of each 
Higgs scalar is more involved than in the SM. In order to illustrate the strategy to be 
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followed the lifetime of the light CP-even Higgs boson h will be discussed. The discussion 
may be understood as synopsis of the qualitative features concerning the determination of 
the lifetime. In order to make quantitative statements, a detailed experimental analysis has 
to be performed. 

Fig. [4.3| shows the dominant branching ratios of h for tan (3 = 3 and 50 (decays into SUSY 
particles are not included). Outside the decoupling region the gauge boson channels play 
a minor role whereas the bb channel is dominating in the whole parameter range followed 
by the t~^t~ channel. Especially for large tan/5 values the Yukawa coupling hbb ~ m;,tan/? 
is strongly enhanced resulting in a total h width much larger than in the SM for the same 
Higgs mass. 

a) Gauge boson channels 

For the reasons described above the gauge boson channels are less useful for the h width 
measurement over most of the parameter range. Only in the decoupling limit they approach 
the SM values and the same methods as in the SM can be applied by properly taking into 
account the changes in the couplings due to mixing effects in the Higgs sector. 

h) bb channel 

The branching ratio BR{h —>■ bb) required for the Ttot determination in the bb channel can 
be extracted by comparing the inclusive process e~^e~ —>■ Zh with the exclusive process 
e^e^ —>■ Zh —>■ Zbb. The measurement of the partial width r{h —>■ bb) or equivalently the 



coupling hbb in the process e~^e~ hbb []80|-^ is much more involved. The Higgs-radiation 
cross section e"'"e~ hbb is small over a large part of the MSSM parameter range including 
the decoupling region. Being proportional to tan^/3 it only becomes accessible for large 
values of tan /?. 

The diagrams contributing to the processes e"'"e~ —>■ hbb and e^e^ H/Abb are shown 



in Fig. [4.4 Since the associated production of h with bb also includes the coupling Abb, 
the determination of the required Yukawa coupling is more complicated than in the SM. 
Yet, each coupling $66 ($ = h, H, A) can be extracted by solving the equation system for 
all three processes. Assuming polarized electron/positron beams and the knowledge of the 
couplings gzzh/H and gzAh/H the cross sections for the processes e^e~ — >• Hjbb read 

(^hbb = \9hhbM + QAblM + 

(^Hbb = \9HbbA'^+9Abb^2 + A'^? (4-13) 
^AbS = \9hbb^l + 9Hbb^2 + 9Abb^3\ 

where Ai,A^,A" {i = 1,2,3) denote the helicity amplitudes of the corresponding subpro- 
cesses. Up to discrete ambiguities this system is in principle solvable for all bb Higgs Yukawa 
couplings. 



As is evident from the previous discussion and Fig. [4.4| the final state bbbb includes sev- 
eral resonant channels. By applying experimental cuts the various resonances have to be 
separated so that the contribution due to b ^ bh can be extracted. The Yukawa coupling 
hbb e.g. could be determined in the region where one of the possible 6-pairings forms a res- 
onance at the h mass and the invariant mass of the remaining 6-pair does not reconstruct 
the pseudoscalar mass Ma- In the decoupling limit h behaves like a SM boson and is not 
affected by heavy Higgs boson resonances. 

c) r+r channel 

Since the r+r^ Higgs Yukawa coupling is proportional rrir tan (3 this channel can be exploited 
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Figure 4.4: Diagrams contributing to the radiation of scalar and pseudoscalar MSSM Higgs 
bosons in e^e" collisions; Q = t,b 

for large tan f3, too. On the one hand no ambiguity in pairing the 6-jets arises here. On the 
other hand the neutrino in the r decay requires the reconstruction of the invariant r+r^ 
mass, which is necessary for the separation of the A resonance, from the mass recoihng 
against the bb pair. 



Chapter 5 

SM and MSSM Higgs self-couplings 



In the preceding chapters the discovery of Higgs particles in the SM and the MSSM, the 
determination of their masses and lifetimes and the Higgs couplings to gauge and matter 
particles have been described in detail. In order to complete the profile of the Higgs bosons, 
the Higgs self-couplings have to be probed. This step is essential for the clarification of the 
nature of the mechanism that creates particle masses in the SM and its supersymmetric 
extensions. Only the knowledge of the Higgs self-couplings will allow for the reconstruction 
of the Higgs potential so that the Higgs mechanism can be established experimentally. 

In this chapter various double and triple Higgs production mechanisms in the SM and 
the MSSM will be analysed [Q. [The relation to general 2-Higgs doublet models has been 
discussed in Ref. [^.] At hadron colliders and high-energy e~^e~ linear colliders Higgs pair 
production via double Higgs-strahlung oS W or Z bosons |85|-p7| and through WW or 
ZZ fusion [^^-Q allows direct access to the trilinear Higgs self-couplings. In addition at pp 
colliders gluon-gluon fusion ||6T[] , [p4|-p7|] can be exploited, and at photon colliders high-energy 

is sensitive to Xhhh- For the MSSM case all possible neutral multi- 



77 fusion |87, Bq, 98 



Higgs final states as defined in Ref. P3|] will be taken into account and thus a theoretically 
complete picture for testing the trilinear Higgs self-couplings will be elaborated. By including 
new results from parton level background analyses PU|- |101[| and detector simulations | ]10U - 
102|| the potential of measuring the trilinear Higgs self-couplings at e~^e~ linear colliders 
and at LHC, respectively, will be discussed. A short remark will be made on the present 
expectations of determining the quadrilinear Higgs self-coupling(s). The first section will be 
dedicated to the linear collider, first examining the SM case before turning on to the MSSM. 
The second section will focus on the LHC. 



5.1 Higgs self-couplings at e+e linear colliders 

The two main processes at e"'"e~ linear colliders which are sensitive to Xhhh are double 
Higgs-strahlung and WW double-Higgs fusion: 

double Higgs-strahlung : e+e^ — > ZHH 

- ^ - (5-1) 
WW double-Higgs fusion : e'^e^ — > Uf^VeHH 

°° WW 

The cross section for ZZ fusion is an order of magnitude smaller than that for WW fusion 
because of the small electron-Z couplings. 
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double Higgs-strahlung: e+e — > ZHH 




WW double-Higgs fusion: e~^e Ue^^eHH 



Ve 




Figure 5.1: Generic diagrams for the processes which contribute to Higgs-pair production 
in the Standard Model at e~^e~ linear colliders: double Higgs-strahlung and WW fusion. 



Fig. [5.1| shows the generic diagrams which contribute to the two processes. Their cross 
sections are small, of the order of a few fb and below, for Higgs masses in the intermediate 
range so that high-luminosities as expected at e~^e~ linear colliders are needed in order to 
produce sufficiently high signal rates and to separate the signal from the background. 



In the minimal supersymmetric extension there are five physical Higgs states as outlined in 
Chapter |^. This leads to six CP-invariant trilinear Higgs couplings among the neutral Higgs 
bosons. The couplings including radiative corrections in the one-loop leading approxima- 
tion are given in Eq. ( 2.49|) . In the following analysis the dominant one- loop and the leading 
two- loop corrections to the masses and couplings have been included, cf. [0, p.03|| . The up- 
per bound of the light Higgs mass strongly depends on the radiative corrections and thus on 
the values of the mixing parameters A and fi. In contrast, the trilinear Higgs self-couplings 
show a weak dependence on the radiative corrections when evaluated for the physical Higgs 



masses. In Figs. f).2\ and ^]3| the trilinear Higgs self-couplings and the gauge- Higgs couplings 
are given as a function of Ma for two representative values of tan/5, i.e. tan/3 = 3,50. 
Around Ma = 120 GeV the couplings vary rapidly for large tan j3. This region corresponds 
to the cross-over of the mass branches in the neutral CP-even Higgs sector, cf. Eq. ( p.47|) . As 
can be inferred from Fig. |5.3| the couplings involving a pair of pseudoscalar Higgs bosons are 
rather small compared to the couplings involving pure CP-even Higgs states. Note also that 
the trilinear Higgs couplings may become zero for some parameter values. Fig. |5.4| demon- 
strates for Xhhh and Xnhh the modification of the trilinear couplings when mixing effects are 
included. Evidently, the change is rather small. The mixing effects are also discussed in 
Ref. PI . 



At e~^e linear colliders there are many processes which involve the trilinear MSSM Higgs- 
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Figure 5.2: Variation of the trilinear couplings between CP-even Higgs bosons with Ma for 
tanj3 = 3 and 50 in the MSSM; the region of rapid variations corresponds to the h/H cross- 
over region in the neutral CP-even sector. 
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Figure 5.3: Upper set: Variation of the trilinear couplings between CP-even and CP-odd 
Higgs bosons with Ma for tanjS = 3 and 50 in the MSSM. Lower set: ZZh and ZZH gauge 
couplings in units of the SM coupling. 
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Figure 5.4: Modification of the trilinear couplings Xhhh and Xuhh due to mixing effects for 
A = ^ = l TeV. 



boson couplings [pSj] : 



double Higgs-strahlung 
triple Higgs production 
WW fusion 



e+e" ^ ZH.Hj and ZAA [Hij = h, H] 

e+e- AHiHj and AAA (5.2) 



e^e UeUeHiRj and Ve^eAA 



Table ^.l] shows which trilinear couplings are involved in the various processes, cf. Fig. ^ 
If all cross sections would yield sufficiently high signal rates, the system could be solved for 
all A's up to discrete ambiguities by using the double Higgs-strahlung and the triple Higgs 
production processes Ahh and AAA [" bottom- up-approach"]. The processes ZAA and AAA 
can be used to solve for the couplings \{hAA) and \{HAA). The processes Zhh and Ahh 
provide the couplings X{hhh) and \{Hhh). Subsequently the process ZHh can be exploited 
to extract the coupling \{HHh) and finally ZHH for the determination of X{HHH) The 
remaining triple Higgs production processes AHh and AHH provide additional redundant 
information. 

In practice, not all the cross sections can be measured experimentally since some are too 
small. In this case, however, one can compare the theoretical predictions of the cross sections 
with the experimental results for the accessible channels and by this means test the trilinear 
Higgs couplings stringently ["top-down approach"]. 

In the MSSM, the couplings involving a CP-odd Higgs boson pair, i.e. X{hAA) and 
X[HAA), are small. The analysis can then be carried out without making use of the pro- 
cesses ZAA and AAA. [The validity of this approach can be checked experimentally in a 
model-independent way: Assuming the knowledge of the predetermined couplings between 
gauge and Higgs bosons the measurement of oiZAA) and o{AAA) provides an upper bound 
on \hAA and \uaa\ The processes ZHiHj and Ahh are then sufficient to solve for the 
couplings among the neutral CP-even Higgs bosons in the manner described above, cf. the 
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double Higgs-strahlung: e+e~ ZHiHj, ZAA [Hij = h,H] 



Z Z Z Z 




triple Higgs production: e'^e — > AHiHj, AAA 



AAA 




A 



WW fusion: e+e~ Ue^eHiHj, AA 




Figure 5.5: Processes contributing to double and triple Higgs production involving trilinear 
couplings in the MSSM. 
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Table 5.1: The trilinear couplings between neutral CP-even and CP-odd MSSM Higgs 
bosons which can generically be probed in double Higgs-strahlung and associated triple Higgs- 
production, are marked by a cross. [The matrix for WW fusion is isomorphic to the matrix 
for Higgs-strahlung.] 



double-line box of Table 5.1 



The processes e"'"e^ ZHiA and e^e^ Ugi^eHiA [Hi = h, H] with a CP even-odd 
Higgs pair in the final state cannot be used to extract the trilinear Higgs self-couplings. 
They are mediated by a virtual Z boson which subsequently decays into a parity-mixed 
final state Z* — > HiA. Hence, they only involve gauge interactions and no Higgs boson 
self-interactions. 



5.1.1 SM double-Higgs production in e+e collisions 

The (unpolarized) differential cross section for the double Higgs-strahlung process e~^e~ 



ZHH, cf. Fig. |5ri|, can be cast into the form |p3 
da{e+e- ZHH) 



dxidx2 



3847r3s 



(5.3) 



after the angular dependence has been integrated out. The vector and axial- vector Z charges 
of the electron are defined by fe = — 1 + 4sin^6'vy and Oe = —1. xi,2 = '^Ei,2/\/s are the 
scaled energies of the two Higgs particles, 0:3 = 2 — xi — X2 is the scaled energy of the Z 



boson, and yi 



Xi 



the square of the reduced masses is denoted by /ij = Mf /s, and 



IJ'ij = fJ'i — l^j- In terms of these variables, the coefficient Z can be written as: 



2 = aVo + 



1 



fi 



+ 



f2 



_yi + fj'Hz y2 + f^Hz 



+ 2fizaf3 



yi ^ 2/2 



with 



A 



HHH 



+ 



+ 



Z/3 - I^HZ yi + I^HZ 

The coefficients fi are given by 



2 1 

+ — 

Z/2 + fJ'HZ fJ'Z 



(5.4) 



(5.5) 



/o = f^z[{yi + y2f + 8fxz]/8 
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Figure 5.6: The cross section for double Higgs-strahlung in the SM at three collider energies: 
500 GeV, 1 TeV and 1.6 TeV. The electron/positron beams are taken oppositely polarized. 
The vertical arrows correspond to a variation of the trilinear Higgs coupling from 1/2 to 3/2 
of the SM value. 

fi = (yi-l)^(Aiz-yi)^-4/i/^yi(?/i + |/i/iz-4/i^) 

+ fizifiz - 4/i/f)(l - 4/1//) - /i| 
/2 = [l^ziVs + l^z- 8/i//) - (1+ Aiz)yiy2] (1 + ?/3 + 2/iz) 

+ yiy2[yiy2 + i + Ai| + 4/i//(l + ftz)] + A^,h^-z{i + ^■z + 4/i//) + /i| 

/s = - -yi) -^2(^/1 + l)(z/i + 2/iz(l -4/i//) (5.6) 

The first term in the coefficient a involves the trihnear Higgs self-couphng. The other terms 
are due to sequential Higgs-strahlung and due to the 4-Higgs-gauge-coupling. The various 
terms can be identified by analysing the propagators they are associated with. 

The double Higgs-strahlung process is mediated by an s-channel Z boson. Since Z has 
spin one it only couples to a left-handed electron and a right-handed positron and vice versa. 
Due to CP-invariance the total cross section for double Higgs-strahlung therefore doubles if 
electron-positron beams with opposite polarization are used. 



Fig. ^]6| shows the total cross section of double Higgs-strahlung as a function of the Higgs 
mass for three typical e"'"e~ collider energies, i.e. a/s = 500 GeV, 1 TeV and 1.6 TeV. The 
electron-positron beams are taken oppositely polarized [Ae-Ae+ = — 1] so that the cross sec- 
tion is enhanced by a factor two. Due to the s-channel Z boson propagator, the cross sections 
show scaling behaviour beyond the threshold region. The arrows indicate the modifications 
of the cross sections with a variation of the trilinear Higgs coupling from 1/2 to 3/2 in units 
of the SM coupling. They increase with rising coupling. Fig. |5.7| illustrates the sensitivity 
to Xhhh if the coupling is varied in the range [—Xhhh,2Xhhh]- Evidently, the sensitivity 
of the double Higgs-strahlung process to the value of the Higgs self-coupling is not washed 
out by the irreducible background diagrams which do not involve Xhhh- The infiuence of 
these diagrams increases with rising energy so that the sensitivity to the trilinear coupling is 
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Figure 5.7: Variation of the cross section a{ZHH) with the modified trilinear coupling 
K'^HHH o-t 0, collider energy of ^/s — 500 GeV and Mh — 110 GeV. 




Figure 5.8: The energy dependence of the cross section for double Higgs-strahlung for a 
fixed Higgs mass Mh = 110 GeV. The variation of the cross section for modified trilinear 
couplings hXhhh is indicated by the dashed lines. 
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largest near the kinematic threshold as can be inferred form Fig. |5.8| . This behaviour results 
from the propagator of the virtual Higgs boson connecting the two real Higgs bosons which 



is maximal near the threshold. Furthermore Fig. |5.8| shows that the maximum double Higgs- 
strahlung cross section is reached for energies a/s ~ 2Mh+Mz + 200 GeV, i.e. y/s = 500 GeV 
for Higgs masses in the lower part of the intermediate range. A cm. energy of 500 GeV is 
therefore a good choice in this mass range since the cross section as well as the sensitivity 
to Xhhh is maximal. 



5.1.2 SM WW double-Higgs fusion 

For high energies the logarithmic behaviour of the t-channel diagram contributing to the 



WW fusion process, cf. Fig. ^]T|, dominates over the scaling behaviour due to the Z boson 
propagator in the s-channel of the double Higgs-strahlung process. Therefore the WW 
double-Higgs fusion process provides the largest cross section at high cm. energies for Higgs 
masses in the intermediate range, especially when the initial state beams are taken oppositely 
polarized. 

In order to get a rough estimate of the cross section for WW double-Higgs fusion the 
equivalent particle approximation |105|| can be applied. In this approximation the W 
bosons are regarded as partons in the electron and positron, respectively, with the W bosons 
taken on-shell. The production amplitude for the dominant longitudinal degrees of freedom 
is given by ^2 



M 



LL 



V2 



2 ^ 



1 + 



(j-M^)/M| 



+ 



COS 8-\-x-i^ 



(5.7) 



with j3w,H denoting the W, H velocities in the cm. frame, and xw = (1 — ^Mfj j s) / {[3w Ph) ■ 
s^f^ is the invariant energy of the WW pair; 6 is the Higgs production angle in the cm. 
frame of WW. After integrating out the angular dependence the corresponding total cross 



section reads 23 



H 



+ 



+ 



16 



1 + 



A 



HHH 



:s-Ml)/Ml\ 



(1 + PI? - ^Plph 

2x 



[PU-PWw + ^Pwhxw - 4/3^) + (1 + - Ptvf] 



+ 



2(1 + 



1 + 



+/3|xw/(l-/?^ + 13/3^ 



{s-Ml)lMl\ 



+2Ph{xwPh - 2(3w)] ] (5. 



with Iw = ^og[{xw ~ i)/{xw + !)]• Folding aLL with the longitudinal Wl spectra [^, |105 



GfM^ 1 - z 
2^2' 



Ew/Ee 



(5.9) 
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a 


[fb] 




WW 


ZZ 




1 TeV 


Mh = 


110 GeV 


0.104 


0.013 








150 GeV 


0.042 


0.006 








190 GeV 


0.017 


0.002 




1.6 TeV 


Mh = 


110 GeV 


0.334 


0.043 








150 GeV 


0.183 


0.024 








190 GeV 


0.103 


0.013 



Table 5.2: Total cross sections for SM pair production in WW and ZZ fusion at e~^e~ 
colliders for two characteristic energies and masses in the intermediate range (unpolarized 
beams). 



a rough estimate of the cross section for the process e+e^ — > WW HHve^e can be 
obtained. Though the value of the exact calculation is overestimated by a factor 2 to 5, 
depending on the collider energy, the approximated cross section is helpful for a transparent 
interpretation of the exact result. 

For high energies the cross section is dominated by the t-channel exchange which does 
not include the trilinear Higgs self-coupling. The convoluted WW fusion process e^e~ — *• 
HHue^f. nevertheless remains sensitive to Xhhh because the major contribution to the cross 
section stems from the lower end of the WW spectrum so that also in the high-energy limit 
the sensitivity to the Higgs self-coupling is maintained. 

In the subsequent analysis the exact values for the WW fusion cross sections have been 
used with the W bosons being off-shell and the transverse degrees of freedom included. The 
cross sections have been calculated numerically with the semi-analytical CompHEP program 
[ [106|| . The electron-positron beams are taken oppositely polarized thus enhancing the cross 
section by a factor four since the W~ boson only couples to left-handed electrons. The 
results are shown in Fig. E]^for three collider energies, ^/s = 500 GeV, 1 TeV and 1.6 TeV, 
as a function of the Higgs mass. As anticipated the WW fusion cross section increases with 
rising energy. The arrows indicate the modification of the cross sections due to the variation 
of the Higgs self-coupling from 1/2Xhhh to 3/2 Xhhh- Fig. [5.10| shows the variation of the 
cross section with kX, k = —1 to 2. Due to destructive interference with the gauge diagrams 
the cross section decreases with rising Xhhh- As expected the sensitivity to a variation of 
the Higgs self-coupling is smaller for high cm. energies. 

The cross sections for ZZ fusion are not shown because they are an order of magnitude 
below the WW fusion values as can be inferred from Table |5.2| . This is due to the smallness 
of the Ze~^e~ coupling. 

The preceding discussion shows that for moderate energies double Higgs-strahlung e^e~ — >■ 
ZHH is the preferred channel for measurements of the trilinear Higgs-self couplings whereas 
for energies in the TeV range WW double Higgs fusion e~^e~ —>■ WW —>■ HHugUe is the 
more suitable channel. Since for both processes the cross sections are nevertheless small 
high luminosities as foreseen for e~^e~ linear colliders are needed. A further enhancement 
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Figure 5.9: The total cross section for WW double-Higgs fusion in the SM at three collider 
energies: 500 GeV, 1 TeV and 1.6 TeV. The vertical arrows correspond to a variation of the 
trilinear Higgs coupling from 1/2 to 3/2 of the SM value. 
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Figure 5.10: Variation of the cross section a{e'^e — > Ve^eHH) with the modified trilinear 
coupling kXhhh at a collider energy of y/s — 1 TeV and Mh — 110 GeV. 
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(7(e+e- ^ ZHHH)[ah] 


Vs=lTeV Mj^=110GeV 

150 GeV 
190 GeV 


0.44 [0.41/0.46] 
0.34 [0.32/0.36] 
0.19 [0.18/0.20] 


v/i=1.6TeV MH=110GeV 

150 GeV 
190 GeV 


0.30 [0.29/0.32] 
0.36 [0.34/0.39] 
0.39 [0.36/0.43] 



Table 5.3: Representative values for triple SM Higgs-strahlung (unpolarized beams). The 
sensitivity to the quadrilinear coupling is illustrated by the variation of the cross sections 
when XfjHHH is altered by factors 1/2 and 3/2, as indicated in the square brackets. 



of a factor two for Higgs-strahlung and four for WW fusion can be achieved by taking the 
electron-positron beams oppositely polarized. Clear multi-6 signatures like e+e^ Z{hh){hh) 
and e^e~ {bb){bb) + If will enable the separation of the signal from the background. Ex- 
perimental simulations taking into account detector properties have demonstrated that for 
Higgs masses in the intermediate range and an integrated luminosity of j C = 500 fb~^ the 
trilinear Higgs coupling may be determined with 20% accuracy ||107|| . 



For the reconstruction of the Higgs potential also the quadrilinear Higgs self-coupling 
has to be determined. This coupling can in principle be measured directly in triple Higgs 
production: e~^e~ —>■ ZHHH and e^e~ HHHve^e- Yet, these cross sections are reduced 
by three orders of magnitude with respect to the corresponding double Higgs production 
cross sections. This is due to the suppression of the quadrilinear coupling compared to the 
trilinear coupling and due to the additional particle in the final state so that the total signal 
cross section is reduced by a factor [X'nHHH^tl^^l'^'^Mi^^HH'^'i/ ^z] ~ 10^^. Likewise, the 
irreducible background diagrams are suppressed. A few exemplifying results are given in 
Table O. 



5.1.3 Double and triple Higgs production in the MSSM 

In the MSSM the following trilinear self-couplings arise among the neutral Higgs bosons 

hhh, Hhh, HHh, HHH 
hAA, HAA 



There are many more quadrilinear couplings MM. The double and triple Higgs production 



processes and the trilinear couplings involved are listed in Table |5.1| . Since in most of the 
MSSM parameter space the Higgs bosons H and A are heavy the emphasis of the subsequent 
analysis will be on the production of a light Higgs boson pair with heavy Higgs boson final 
states taken into account where necessary. 

In contrast to the SM, the resonant production of a heavy Higgs boson H that subse- 
quently decays into a light Higgs boson pair is possible. The resonant production is important 
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in part of the parameter space with H masses between 200 and 350 GeV and for moderate 
values of tan j3 . In this case the branching ratio obtained from the partial width 



m ^ hh) = ^^|£^Ak. (5.10) 

is neither too small nor too close to unity to be accessible directly. The resonant H decay 
enhances the total production cross section for hh by an order of magnitude ||23| thus im- 



proving the potential for the measurement of the Higgs self-coupling Xnhh- Apart from the 
exceptional case of a light pseudoscalar Higgs boson A the coupling A^hh is the only trilinear 
Higgs self-coupling which is accessible via resonant decay. All the other couplings have to be 
extracted from the continuum pair production. The generic diagrams contributing to double 



and triple Higgs production and WW double Higgs fusion have been shown in Fig. 5.5 



5.1.4 MSSM double Higgs-strahlung 



The (unpolarized) production cross section for a pair of light Higgs bosons via Higgs- 
strahlung in the MSSM has the same structure as in the SM yet involving H and A exchange 
diagrams |53|, |Tg, cf. Fig. 



(icr(e"*"e —>■ Zhh) 



dxidx2 



Z 



11 



(5.11) 



with 

^11 



aVo + 



sin2(/5 - a)h ^ cos2(/3 - a)/3 



yi + /iiz 



+ 
+ 
+ 



/i 



+ 



yi + ^^1A 

f2 



sin''(/? — a) 

4:fiz{yi + fj'iz) [yi + fj'iz ' y2 + fj^iz_ 



COS* {(3 — a) 

4:fiz{yi + fJ'lA) 

sm'^2{f3-a) 



fi 



f2 



yi + /iiA y2 + fJ'lA 

fl , /2 



Siiziyi + fJ'lA) [yi + fj'iz y2 + fJiz_ 



yi ^ 2/2 



and 



Xhhh sin(/3 - a) _^ Xuhh cos(/5 



a 



ys - fJiz 



ys - fj'2z 



a] 



yi + fJiz 



+ 



2sin2(/5 



a 



2/2 + f^iz 



(5.12) 



— (5.13) 
fJz 



The notation is the same as in the Standard Model, with /ii = M^/s and fi2 = M'jj/ s. Taking 
into account that in part of the parameter space the heavy neutral Higgs boson H or the 
pseudoscalar Higgs boson A may become resonant, the decay widths are included implicitly 
by shifting the masses to complex values M M — iT/2, i.e. fii fii — i'-yt with the reduced 
width ■ji = MiTi/s, and by replacing products of propagators 7ri7r2 with Re(7ri7r2). 

Fig. |5.11| shows the total polarized cross section Zhh for ^/s = 500 GeV as a function 
of the Higgs masses. The mixing parameters are chosen A = 1 TeV and fi = —1(1) TeV 
for tan/? = 3(50). Choosing tan (3 and Mh as input parameters the masses of the heavy 
Higgs bosons are fixed in the MSSM for given values of the mixing parameters |j70|. As 



can be inferred from Fig. ^.11| the continuum cross section is smaller compared to the SM 
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Figure 5.11: Total cross sections for MSSM hh production via double Higgs-strahlung at 
e'^e~ linear colliders for tan/? = 3, 50 and ^/s = 500 GeV, including mixing effects [A = 
1 TeV, /i = —1/1 TeV for tan P = 3/50/. The dotted line indicates the SM cross section. 
The dashed line represents the resonant contribution. 



result. This originates from the suppression of the MSSM vertices by sin / cos functions 
of the mixing angles a and (3. In contrast, the cross section is enhanced by an order of 
magnitude when resonant H production with subsequent decay H ^ hh is kinematically 
possible. Approaching the maximum value of Mh for tan/3 fixed, H and A become very 
heavy and decouple so that the MSSM Zhh cross section reaches the SM value. Due to 
the decoupling theorem resonant H production does not increase the MSSM cross section 
for large values of tan/3 since the decay H ^ hh is kinematically not possible unless the 
decoupling region is reached where the ZZH coupling is too small to produce a sizeable 
cross section. 

The formulae for the Higgs-strahlung processes ZHiHj [Hi, Hj = h, H] are deferred to the 
Appendix. They are more complicated due to the different masses of the final state Higgs 
particles. The corresponding polarized cross sections are shown together with the SM cross 
section as a function of in Fig. p.l2| . The cm. energy is chosen equal to 500 GeV and 
tan /3 = 3. Evidently, if kinematically possible, the cross sections Zhh, ZHh and ZHH add 
up approximately to the SM result. 



5.1.5 Triple Higgs production 

The processes e~^e^ ZHi and e+e" AHi are proportional to sin^(/? — a) / cos^(/3 — a) and 
cos^(/? — a)/ siv?{(3 — a) for H^ = h, H, respectively, so that Higgs-strahlung and associated 
Higgs production are complementary to each other. In addition the processes are among 
themselves complementary |Q. Since the double and triple Higgs production processes 
ZHiHj, ZAA and AHiHj, AAA proceed via virtual h,H bosons this behaviour will be 
found there, too, being of more complex matrix form, however, since the combination of 
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Figure 5.12: Cross sections for the processes Zhh, ZHh and ZHH for y/s = 500 GeV and 
tan(3 = 3, including mixing effects (A = 1 TeV, /i = — 1 TeV). 



the different mechanisms is more involved, cf. Fig. |5.5| . In this subsection the processes 
e"'"e~ Ahh and e"'"e~ AAA will be discussed in more detail. The more complicated 
results for triple Higgs production involving heavy Higgs bosons are listed in the Appendix. 

The unpolarized cross section for e^e~ Ahh is given by 



(io-[e+e" Ahh] 



dxidx2 768v^7r3s (1 - /iz)^ 

where the function Sin can be cast into the form 



ClXhhh _|_ C2XHhh 



+ 



+ 



+ 
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C2XHhh 



2 (2/l+/ilA)2 



cjdi 



9i + 
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ClXhAA , Cidi 

-93 H : 91 



2/1 



hAA 



:95 + 



/^ia" 2/i+Aiiz' 

Ci(iiA/iAA 



2(2/1 + /^ia) (2/2 + I^ia) (2/1 + /Uia) (2/1 + IJ'iz) 
cfdiXfiAA , c\d\ 



(2/1 +/ilA)(2/2 + /iiz) 

2/1 ^ 2/2 



6-7 + 



2(2/1 + /xiz) (2/2 + Aiiz) 



9& 



98 



(5.14) 



with /ii^2 = Mlfj/s and the vertex coefficients 

Ci/c2 = cos(/? — a)/ — sin(/9 — a) and (ii/(i2 = sin(/? — «)/ cos(/3 — a) 
The coefficients (7^ are given by 

9o = /^z[(2/i + 2/2)^ 



(5.15) 



(5.16) 



CHAPTER 5. SM AND MSSM HIGGS SELF-COUPLINGS 



71 



gi = yUz[2/i - 2?/i - 4/ii + 1] 

92 = /iz[l/l(?/l + 2)+%2(y2 + l/l-l) + l-4(/ii+2/iA)] + (/il-/iA)^ 

[8 + [(1 - yif - 4/ii]//iz] + (^1 - l^A)[^y2il + Vi) + 2{yl - 1)] 

5^3 = 2/i2(?/^ - ?/i + ?/2 + ym - '2fiA) 

94 = 2nziyi + yi + 2yj - y2 + 3yiy2 - QfiA) 

+2(/ii - - 2/1 + 2/2 + 2/12/2 - 2/iA) 

5^5 = 2/i2(?/i + ?/2 + 2/12/2 + 4/ii -2/i^- 1) 

5(6 = 2/iz(2/i +2?/i?/2 + 2?/2 + 4/ii -4/iA-l) 
+2(^i-/i^)(l/2-2yi-4/ii + l) 

97 = 2[/i^(2?/^-3?/i + ?/i?/2 + 2/2-4/ii-2/iA + l) 

+ - /iA)(2/i + 2/12/2 + 2/2 + 4yUi - 2/iA - 1)] 
c/8 = 2{fxz{yi + y2 + 2yl + 2yl + 5yiy2-l + 4:fii-10fXA) 

+4(/ii - /i^)(-2/ii - fiA - Vi - y2 + I) 

+ [2(/ii - /iA)((2/i + 2/2 + 2/12/2 + 2/? + 2/2 - 1)/^^ + 2/i? + 4/i^ - /ii + yU^) 

+ GfiAifil - fil) + if^i - f^A)\l + 2/i)(l + y2)]/fiz} (5.17) 

The notation of the kinematics is the same as for double Higgs-strahlung. 

The cross section for triple A production is much simpler since there are only a few 
diagrams involved in the process, cf. Fig. p.5| : 

da[e^e- ^ AAA] ^ G^Ml vl + aj 

dxidx2 768v^7r3s (1 - ^ ' ' 

where 

2I33 = DIqo + Dig, + Dlg[ - D,D,g, - + ^1^2^/5 (5.19) 

and 

D, = + ^^^^ (5.20) 

2/fc - /^lA 2/fc - l^2A 

The scaled mass parameter /xi has to be replaced by fiA in the coefficients gi and where 
the functions g'^ are related to gi via (7'(2/i, 2/2) = 9i{y2, 2/i)- 



Fig. |5.13| shows the results for the triple Higgs production processes e+e~ Ahh and 
e^e~ — ^ AAA compared to double Higgs-strahlung e~^e~ Zhh and the SM counterpart, 
e^e~ — i> ZHH. The triple Higgs processes are small in the continuum. This behaviour can be 
explained by analysing the effective couplings. The process e^e~ — Ahmrt Ahh involves 
the coupling cos(/3 — a)Xhhh and e~^e~ AHmrt — > Ahh is proportional to sin(/3 — o.)\Hhh- 
In both cases the products of the gauge and Higgs self-coupling are small as can be inferred 
from Figs. ^]2| and p.3| . Only if resonant H production with subsequent H ^ hh decay is 
kinematically allowed the cross section increases by about three orders of magnitude. The 
process e"'"e~ — > Ah^rt — > ^4^74 exhibits the effective coupling cos(/5 — a)XhAA, one of the 
factors always being small, and e~^e~ —>■ AH^i^t —>■ AAA is proportional to sin(/9 — a)XHAA 
with Xhaa being of order 1/2. Taking into account the reduction of the phase space due 
to three heavy Higgs bosons A in the final state the pseudoscalar triple Higgs production 
process is always small. 
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Figure 5.13: Cross sections of the processes Zhh, Ahh and AAA for tan (3 — 3 and y/s — 
1 TeV, including mixing effects (A — 1 TeV, /i — —1 TeV.) 



5.1.6 MSSM WW double Higgs fusion 

The WW double Higgs fusion process in the MSSM involves also H and exchange 
diagrams in contrast to the SM. The dominant longitudinal amplitude for on-shell W bosons 
with a pair of light Higgs bosons in the final state is given by: 

Gfs 



Mll = 



+ 



+ 



V2 

siv?{l3 — a 



Xhhh sin(/3 - a) Xuhh cos{(3 - a) 
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{I- f3tv) + {Pw- cose f 
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cos 9 + Xw 



\2n 



cos^ 



cos 9 -\- x+ 



(5.21) 



s^/^ is the cm. energy of the subprocess, 9 the scattering angle, (3w and (3h denote the 
velocities of the W and h bosons, and 



2/1 



= -5—5— and x+ = ' — (5-22) 

PWPh PWPh 

After integrating out the angular dependence, the total cross section of the fusion subprocess 
reads 
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(5.23) 
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Figure 5.14: Total cross sections for MSSM hh production via double WW douhle-Higgs 
fusion at e+e~ linear colliders for tan (3 = 3, 50 and a/s = 1.6 TeV, including mixing effects 
(A = 1 TeV, = -1/1 TeV for tan 13 = 3/50). 
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4 



0. 



The cross sections presented in Figs. |5.14| and |5.15| have been calculated exactly by means 
of the program CompHEP |l06l without using any approximations. The electron-positron 
beams are taken oppositely polarized. The process involving a light Higgs bosons pair in 
the final state is suppressed compared to the SM unless resonance H —>■ hh decay is possible 
for modest tan/3 values. In the case of large tan/3 the MSSM fusion process is much more 
suppressed and resonance production does not play any role since in this parameter range 
the gauge couplings involved are very small. Yet, the H mass is rather light so that the 
processes hh, Hh and HH approximately add up to the SM cross section. The formulae for 
the longitudinal amplitudes WlWl — > Hh, HH and AA can be found in the Appendix. 
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Figure 5.15: Total cross sections for WW douhle-Higgs fusion with hh, Hh and HH final 
states for y/s = 1.6 TeV and tan(3 = 50, including mixing effects (A = 1 TeV, = 1 TeV). 



5.1.7 Sensitivity areas 

In this subsection the perspectives for the determination of the Higgs self-couphngs in the 
SM and the MSSM will be analysed. For the MSSM case, the feasibility of measuring the 
trilinear Higgs self-couplings shall be represented in compact form in sensitivity plots in the 
[Ma, tan/5] plane [p^, |8^. 

1. ) SM WW Double Higgs fusion 

Since for SM Higgs masses below 140 GeV the main decay channel is given hj H ^ bb the 
final state for the WW fusion process is characterized by two bb pairs and missing energy in 
this mass region. Analogously, for Mh ^ 140 GeV the final state consists of two ly pairs 
and missing energy since in this case H dominantly decays in lyiy^*'', see Fig. [4.1[ Possible 
background processes yielding bbbb + ^ in the final state may proceed via the pure EW WW 
fusion process being 0{a^) or 77 fusion with a gluon exchanged between the 6-quarks of 
0{a'^al) whereas the signal process is Hence the WW fusion background process is 

suppressed by compared to the signal. 77 fusion results in large event rates in forward 

direction. In contrast the bottom quarks from the decay of the massive Higgs bosons are 
back-to-back. Applying appropriate angular cuts will hence help to reduce the background 
with respect to the signal. For Mh > 140 GeV a possible background process is generated by 
77 fusion being suppressed by 0{a'^) compared to the signal. 

2. ) SM Double Higgs-strahlung 

In analogy to WW fusion the double Higgs-strahlung process being 0{a^) consists of a 
Z boson and two bb pairs in the final state if Mj/<140 GeV and of ZWW'^*^WW'^*^ if 
Mh ^ 140 GeV. For the low mass range signal to background analyses have been performed 
on parton level [^ as well as on detector level [lU^]. Assuming efficient 6-tagging and 



high purity sampling of 6-quarks the main background is due to irreducible EW processes 
of 0{a^) and QCD backgrounds of 0{a^a1). Another source is the intrinsic background 
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resulting from the signal diagrams which do not contain the trilinear Higgs self-coupling 
^HHH- The parton level analysis demonstrates that after applying typical selection cuts the 
signal to background ratio which may be reached for Mh = 110 GeV is S/B = 25/60/140 in 
the case of y/s = 500/1000/1500 GeV [^. These results are based on the assumption of a 
very high luminosity (chosen equal to j C = 1 ab~^ in ||9^), excellent 6-tagging performances 
and high di-jet resolution. 

Whereas the previous results have been obtained without taking into account detector 
effects, the analyses of Ref. | 102 ] are based on a detector simulation and include hadronization 



effects. The examined final state consists of bbbbqq, the qq pair resulting from the Z boson 
decay. The study of the 6-jet topology demonstrates that for Mh ~ 100 GeV and f C = 
500 fb~^ a significance of 5 might be achievable, high 6-tagging efficiency and purity provided 
(efe = 0.85, enotb = 0.9). 

3.) MSSM Double Higgs-strahlung 

For the process Zhh, there exists a parton level analysis of the signal to background ratio 



00| , p.01|] . The final state is given by Zbbbb since h dominantly decays into bb independent of 



the value of tan/3 |]59| , 70, 71 . A low and a high tan/3 scenario has been investigated, mixing 
effects included {A = 2.4 TeV, /i = 1 TeV). After applying appropriate acceptance cuts the 
main background results from pure EW and EW/QCD mixed processes. Applying selection 
cuts according to the kinematics of the signal process, it yields 156 events for j jO = 500 fb~^ 
and tan/3 = 3, Mh = 104 GeV. For these parameters resonant H production with subsequent 
decay H ^ hh is possible. The background only amounts to a 10% correction. In the case 
of tan/3 = 50 where no resonant production is possible and the cross section is strongly 
suppressed, only for Higgs masses in the decoupling limit a reasonable event rate of 15 may 
be achieved. The analysis does not take into account 6-tagging efficiency and Z boson decay. 

The feasibility of measuring the trilinear Higgs self-couplings of the MSSM can be sum- 
marized in sensitivity plots in the [M^,tan/?] plane ||2^, The sensitivity criteria for a 
point in the plane to allow for the measurement of the trilinear coupling in the corresponding 
channel have been chosen as follows: 

{^) a[A]>0.01fb 

(u) efr{A ^ 0} > 2 st.dev. for /£ = 2ab-^ ^ ^ ^ 

The first criterion demands the value of the cross section of the examined process to be 
larger than 0.01 fb, corresponding to at least 20 events for an integrated luminosity of 
J C = 2 ab^^. The second condition is fulfilled if the effect of the trilinear coupling on the 
cross section exceeds 2 standard- deviations. (The second criterion is changed slightly where 
appropriate, cf. Figs. |5.16| and ^.17| .) If more stringent cuts are applied the results will not 



change dramatically, cf. Ref. ||104|| . The sensitivity areas have been analysed based on the 
double Higgs-strahlung and triple Higgs production processes. WW double Higgs fusion 
would provide additional information especially for higher cm. energies. For the sake of 
simplicity no mixing effects have been included. 

Figs. |5.16| and |5.17| show the sensitivity areas for the trilinear couplings among the neutral 



CP-even Higgs bosons. The cm. energy has been chosen equal to 500 GeV for double 
Higgs-strahlung if at most one heavy Higgs boson is present in the final state. Otherwise 
y/s = 1 TeV yields larger sensitivity regions. Likewise the areas for triple Higgs production 
involving A are larger for 1 TeV. Unless interference effects become important the size of the 
sensitivity areas in tan /3 can be explained by analysing the values of the effective couplings 



76 



CHAPTER 5. SM AND MSSM HIGGS SELF-COUPLINGS 



50 



40 



-tgP 



30 - 



20 



10 



sensitivity to X^^^^ 

ee^Zhh 

Vs = 500 GeV 



50 



40 



30 



20 



10 



-tgP 



sensitivity to X^^^^^ 

ee^Ahh 

a/s = 1 TeV 



80 100 



200 
M, [GeV] 



500 



80 100 



200 
M, [GeV] 



500 



50 



40 



30 - 



20 



10 



80 100 



sensitivity to A-^j^j^ 

ee^Zhh 

Vs = 500 GeV 



200 
M, [GeV] 



500 



-tgP 



40 



20 



10 



80 100 



sensitivity to X^^^^^ 

ee^Ahh 

a/s = 1 TeV 



200 
M, [GeV] 



500 



Figure 5.16: Sensitivity [* ejj{\ — (1 ± ^)A)} > 2st.dev.] to the couplings Xhhh and Xuhh 
in the processes e'^e~ Zhh and e^e^ Ahh for collider energies 500 GeV and 1 TeV, 
respectively (no mixing). [Vanishing trilinear couplings are indicated by contour lines.] 
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Figure 5.17: Sensitivity [* eff{\ — 0} > 1st. dev.] to the couplings Xuhh, ^HHh o^nd Xhhh 
in the processes e^e^ — > ZHh and e^e^ ZHH for collider energies 500 GeV and 1 TeV, 
respectively (no mixing). 
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A sm{(3 — a) and A cos(/9 — a) involved in the various channels. The couplings are shown 
separately in Figs. and |5.3| . For large values of Ma the areas are limited by phase 
space effects and due to the suppression of the H and A propagators for large masses. The 
figures show that the coupling Xhhh is accessible in most of the parameter space whereas the 
parameter range for the other couplings is much smaller. 

The sensitivity areas have been constructed without taking into account any experimental 
efficiencies and background effects so that the given results must be regarded as best case. 
Considering experimental boundary conditions the areas will shrink. This effect may be 
reduced, however, if sophisticated cuts on signal and background are applied. 



5.2 Higgs pair production at the LHC 

Higgs pair production at the LHC follows the same pattern as at the linear collider with 
the exception that gluon-gluon fusion provides an additional channel. The partonic cross 
sections can be derived from the corresponding e+e~ processes by replacing the couplings 
appropriately. The cross sections at hadron level are obtained from the partonic results 
a{qq' HH; s = ts) of the quark subprocess by folding with the appropriate luminosities 

dC'^'i' 

a{pp HH) = / dr——a{qq' HH; s = ts) (5.26) 



4Mjj /s dr 



where 

dC"}' dx 



q{x;Q^)q\T/x;Q^) (5.27) 



C?T X 

with q and q' denoting the quark densities in the proton ||108|| , taken at a typical factorization 
scale Q ~ Mh- 

Being of up to C(10 fb) in the SM case the results for the double Higgs production cross 
sections at the LHC are larger than in e+e~ collisions. Yet, the signal processes are plagued 
by an overwhelming QCD background 



5.2.1 SM double Higgs production 



The processes for the production of a pair of Higgs bosons in the final state at the LHC are 
given by double Higgs-strahlung off W and Z bosons |86|, WW and ZZ fusion [pOj -p^ and 
gluon-gluon fusion |61| , [p^ -p6[] , in generic notation: 



double Higgs-strahlung 
WW/ZZ double-Higgs fusion 
gluon fusion 



qq- 
qq- 
99- 



W*/Z* 

qq + WW/ZZ ■ 
HH 



W/Z + HH 
HH 



Fig. [5.18| shows generic diagrams contributing to these processes. Since high energetic protons 

161[] , p^-p6|, provides an important 



contain a large number of gluons, gluon-gluon fusion 
mechanism for Higgs pair production at the LHC. The fusion proceeds via heavy top-quark 
triangle and box diagrams, cf. Fig. |5.18| . As in the case of single Higgs production ||109|| QCD 



radiative corrections play an important role. In the limit Mjj <^ 4M/ they yield a K factor 
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gg double-Higgs fusion: gg HH 
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Figure 5.18: Processes contributing to Higgs-pair production in the Standard Model at the 
LHC: double Higgs-strahlung, WW/ZZ fusion, and gg fusion (generic diagrams). 



of about 1.9 [31]. For Higgs masses beyond the top-quark threshold a similar K factor is 
expected. 



Fig. |5.19| shows the results of the Higgs pair production mechanisms as a function of the 



Higgs mass in the intermediate mass range. The dominating process is gluon-gluon fusion 
followed by WW + ZZ fusion being about one order of magnitude smaller. The ratio of 
WW to ZZ fusion is ~ 2.3. For Mh < 140 GeV, WW/ZZ fusion yields two bb pairs resulting 
from the H decay in the final state. For > 140 GeV the final state is characterized by 
The additional light quark jets due to the fragmentation q W/Z + q with 
a transverse momentum of px ~ ^M^y/z niay be exploited to tag the fusion process. The 
double Higgs-strahlung process WHH + ZHH provides the smallest cross section due to 
the scaling behaviour, i.e. a ^ 1/ s. Because of the smaller qqZ coupling WHH dominates 
over ZHH by a factor of about 1.6. The arrows indicate the sensitivity of the double 
Higgs production processes to a variation of the trilinear Higgs self-coupling in the range 
[^^HHH, i^HHH]- The size of the cross sections does not exceed C(10 fb). High luminosities 
are therefore needed to enable the extraction of the signal from the large QCD background. 
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Figure 5.19: The cross sections for gluon fusion, WW/ZZ fusion and double Higgs-strahlung 
WHH , ZHH in the SM. The vertical arrows correspond to a variation of the trilinear Higgs 
coupling from 1/2 to 3/2 of the SM value. 



5.2.2 Higgs pairs in the MSSM 

There are many processes at the LHC which involve the trihnear MSSM Higgs self-couphngs 



61, 83, 96, 97 



double Higgs-strahlung 
triple Higgs production 
WW/ZZ double-Higgs fusion 
gg fusion 



qq 
qq 
qq 
99 



W/Z + HiHj and W/Z + AA [Htj = h, H] 

AHiHj and AAA 

and qq + AA 

and AA 



HiA 



qq + HiHi 
HiHj, 

As in the SM case also gluon-gluon fusion plays a role in contrast to the linear collider. Since 
in the major part of the parameter space H and A are quite heavy the main focus of the 
subsequent analysis will be on the production of a light Higgs boson pair. The diagrams 
contributing to the individual production processes are shown in Fig. |5.2CI| . Some results will 
also be presented for heavy Higgs boson final states. The cross sections are small unless they 
include resonant decays. For example in the case of WHh/ZHh they proceed via 



qq Z* ^AH ^ ZHh (5.28) 
qq W* ^ H^H WHh 

The corresponding diagrams are shown in Fig. |5.21| . These resonant heavy Higgs boson 
decays can largely enhance the cross sections. Since they only involve gauge interactions 
they are useless for the measurement of the Higgs self-couplings, however. 

The results for the hh production processes, i.e. 

PP ^ 99 ~^ hh (5.29) 
pp -> Z/W + hh and A + hh 
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gg double-Higgs fusion: gg — > hh 
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Figure 5.20: Processes contributing to double and triple Higgs production involving trilinear 
couplings in the MSSM. 



cascade decay: qq AH/HH^ ZHh/WHh 

w/z 

X 

Q ^ H 




Figure 5.21: Processes which contribute to double light plus heavy Higgs production in the 
MSSM but do not involve trilinear couplings. 
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Figure 5.22: Total cross sections for MSSM hh production via double Higgs-strahlung Whh 
and Zhh, WW/ZZ fusion and gluon fusion at the LHC for tan/3 = 3, including mixing 
effects (A^l TeV, ii^-l TeV). 




Figure 5.23: Total cross sections for MSSM hh production via double Higgs-strahlung Whh, 
Zhh, WW/ZZ fusion and gluon fusion at the LHC for tan/3 = 50, including mixing effects 
(A = 1 TeV, n = 1 TeV). 
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a[fb] 


Whh 


WHh 


WHH 


EWH.H, 


WHHsM 


Ma = 100 GeV 
M;, = 98.53 GeV 


0.332 


0.017 


0.540 


0.889 


0.908 


a[fb] 


Zhh 


ZHh 


ZHH 


ZHiHj 


ZHHsM 


Ma = 112 GeV 
M/, = 109.61 GeV 


0.175 


0.036 


0.287 


0.498 


0.431 



Table 5.4: Total cross sections for W/Z + HiHj compared to the corresponding SM cross 
section. The mixing parameters are chosen A = fj, = 1 TeV and tan/3 = 50. 



are demonstrated in Fig. |5.22| . For moderate values of tan (3 the order of the cross sections is 
the same as in the SM. Yet, the cross sections rise enormously if cascade decays proceeding 
via intermediate resonant heavy Higgs bosons |^ 



H-^hh, A-^Zh and H^ 



(5.30) 



are kinematically possible. The resonant H decay increases the cross sections by up to 2 
orders of magnitude giving rise to about a million events in gluon-gluon fusion. This channel 



therefore allows for the light MSSM Higgs boson search at the LHC 0, |101 



111 . The 



resonant decay regions are indicated by arrows in Fig. f).22\ In the case of Whh also the 
resonant decay if^ W^h leads to an enhancement of the cross section. The vertical 
arrows illustrate the sensitivity to a variation of Xuhh in the range [\\Hhh, %^Hhh\- In the 
continuum region the same variation of Xhhh induces a 10% modification of the cross sections. 

For large values of tan (3 cascade decays do not play any role since they are kinematically 
forbidden until the decoupling region has been reached where they are not sizeable any 
more, see Fig. |5.23| . The gluon fusion cross section is nevertheless very large due to the 
enhancement of the hhh Yukawa coupling ~ tan (3 growing with tan (3. Since this coupling 
enters quadratically in the box diagram and only linearly in the triangle loop connecting the 
gluons to the Higgs boson the sensitivity to the trilinear Higgs self-coupling is small. Yet, 
the huge cross section leading to the multi-6 final states pp —>■ hh —>■ {bb){bb) with two 
resonance structures and large transverse momenta allows for the h Higgs boson search in 
the large tan/3 region at the LHC. The WW/ZZ fusion and Higgs-strahlung cross sections 
are suppressed in the continuum compared to their SM counterparts until the decoupling 
limit is reached. The heavy Higgs boson is fairly light in this parameter region so that 
the cross sections with hh, Hh and HH final states approximately add up to the SM cross 



section as can be inferred from Table |5.4| for some representative examples. 



Fig. |5.24| shows the cross sections of double Higgs-strahlung involving a heavy and a light 
CP-even Higgs boson in the final state. In the continuum they are below 0.1 fb. Cascade 
decays, cf. Fig. p.21| . 



pp AH 



ZHh 



pp H^H^ W^Hh 



(5.31) 
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Figure 5.24: Total cross sections for MSSM Hh production in the processes WHh and ZHh 
for tan/3 = 3, including mixing effects (A = 1 TeV, fi = —1 TeV). 



give rise to an enhancement by up to 2 orders of magnitude. Mediated by pure gauge 
interactions they cannot be exploited for the determination of the Higgs self-couphngs. 

5.2.3 Extraction of the signal 

In Ref. [[1001 , |101|| the extraction of the double Higgs production signal in the channel 

gg ^ hh ^ {hh){hh) (5.32) 

has been studied both at parton level and in a more realistic detector simulation. As the 
previous analysis has shown, in the SM case the gluon-gluon fusion cross section is of 0(10 fb) 
only. Bearing in mind the huge QCD background at the LHC the extraction of the SM signal 
does not seem to be realistic. In contrast, in the case of the MSSM light Higgs boson h 
there are regions in the MSSM parameter space where the signal is largely enhanced due to 
resonant H production with subsequent decay H — * hh. Independent of the value of tan /3, 
h dominantly decays into a hh pair |]59| , [fOt [71| yielding a four h final state in gluon-gluon 
fusion. 



In the parton level analysis of Ref. ||100| , |101|| the potential of extracting the trilinear Higgs 



coupling Xuhh in the resonant region has been investigated for the parameter set tan /3 = 3, 
Ma = 210 GeV, the mixing parameters A = —fi = 1 TeV and the common squark mass set 
equal to 1 TeV. Assuming efficient 6-quark tagging and high purity the main background is 
due to irreducible QCD modes ||110|| of C(af), EW processes of 0{a^^) and QCD and EW 
mixed contributions of 0{a'^al^). Applying typical LHC detector cuts to the partons and 
selection cuts appreciating the kinematics of the signal process, the signal and background 
rates can be reduced to the same level. In a conservative scenario the signal cross section 
reduces to 102 fb and the background yields 453 fb. Assuming an integrated luminosity 
of J C = 100 fb^^ a sufficiently high signal to background ratio should be achievable. A 
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more realistic analysis based on a detector simulation predicts a signal rate of 38 events 
per year after all efficiencies and selection cuts have been included [|100| , |101|| . Though a 



background study on detector level has not been performed yet the results from the parton 
level analysis predict an encouraging level of background suppression thus demanding for a 
detailed detector study. Nevertheless, according to the present results the signal seems to 
be feasible in this parameter region. 

For large values of tan (3 the signal is strongly enhanced due to the large Yukawa coupling 
hbb as has been pointed out previously. Since the box diagram is more favored by this effect 
than the triangle diagram the sensitivity to the Higgs self-couplings is lost. The large tan/3 
scenario may, however, provide an additional channel for the h detection at moderate Ma 
values. The detector simulation yields for the signal 1044 events for = 105 GeV and 
A = n = l TeV. 

Though the QCD background is very large the determination of the self-coupling Xnhh 
seems feasible at the LHC in the cascade decay H hh. In the large tan/5 regime the 
extraction of the coupling will be very difficult since no resonance production takes place 
and the signal sub-process is dominated by the box diagram contributions. In this case, 
however, the gluon fusion process can be exploited for the light scalar Higgs boson search. 
The experimental determination of the remaining trilinear Higgs couplings at the LHC will 
be a difficult task. Since h cannot decay in a pair of pseudoscalar Higgs states and H AA 
is kinematically forbidden in the considered MSSM parameter space, trilinear couplings 
involving pseudoscalar Higgs bosons have to be extracted from the continuum. The same 
holds true for Xhhh, Xnuh and Xhhh which are not involved in cascade decays. The continuum 
signal might be swamped by the jetty QCD background if it is not rejected sufficiently well. 
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Chapter 6 
Conclusions 



This thesis has presented a theoretical analysis of the properties of the SM and MSSM Higgs 
bosons which can be investigated at the LHC and e+e~ linear coUiders. 

The search for Higgs bosons is crucial to prove their existence. Although there are several 
production mechanisms at the LHC that allow to find the SM or the MSSM Higgs bosons, 
experimental studies exhibit a region around moderate values of tan/5 where the heavy 
MSSM Higgs particles H and A may escape detection. An alternative to the search for 
H and A at the LHC is provided by Higgs boson production at 77 colliders which may be 
realized by Compton backscattering of laser hght from high-energy electron/positron beams. 
The most promising search channels with large branching ratios are given by the Higgs decays 
into 66, tt, r+r^ and chargino or neutralino pairs. They have been investigated by including 
the polarized NLO results for the signal, background and interference processes and also 
the resummation of higher orders where necessary. Polarization of the electron/positron 
and laser beams helps to increase the significances by suppressing the helicity modes of the 
background processes, that are not compatible with the signal. 

For the anticipated luminosities at future 77 colliders, the hh mode develops sufficiently 
high significances for the H and A discovery in the whole analysed mass range from 200 to 
800 GeV for moderate and large values of tan j3. The restriction to two-jet topologies in the 
final state and a cut in the scattering angle of the 6-quark with respect to the beam axis 
have been crucial for the reduction of the background. Since the Higgs Yukawa coupling to 
r+r" increases with tan /3, also the t^t~ channel provides a discovery potential in parts of 
the A/H mass range for large values of tan/?. For the ti and chargino decay channels the 
extraction of the signal will be more challenging due to larger backgrounds. The Higgs search 
in the neutralino channel is confronted with decay products stemming from charginos beyond 
the corresponding kinematic thresholds. This is due to the final states of the neutrahno and 
chargino cascade decays being rather similar because of the escaping LSP and neutrinos. 
The different decay topologies may be exploited, however, in order to extract the signal. 

Summarizing the results, 77 fusion at e+e" linear colliders provides a valuable alternative 
for the heavy Higgs boson search in a variety of decay channels of which the bb mode is 
outstanding. 

In addition to the mass, the second basic feature characterizing Higgs particles is their 
lifetime, or equivalently their total width. Mechanisms that can be exploited at e+e" linear 
coUiders for the determination of the small hfetime of a SM Higgs boson in the intermediate 
mass range have been compared. They use the relation Vtot — ^i/BRn-^i where Fj denotes 
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the partial width and BRn-^i the branching ratio of the Higgs decay into the final state 
i. The 77 channel allows a model-independent determination of Tfot- Alternatively, the 
lifetime can be measured in the WW channel. Due to possible anomalous HWW couplings 
involved in the WW fusion process, the analysis is model-dependent. However, the model 
dependence will be reduced for small momentum transfer at the HWW vertex. The error 
of the lifetime extracted from the WW mode is smaller than in the 77 channel. Taking into 
account the uncertainties in the various cross sections the total width can be deduced with 
an accuracy better than 10% for Higgs bosons with Mh ^ 160 GeV from the WW mode. 

A qualitative discussion has demonstrated that the lifetime of a light MSSM Higgs scalar h 
can be determined from the bb channel. The bb branching ratio occurs in the Higgs-strahlung 
process and the Higgs Yukawa coupling to 6-quarks is accessible in associated production of 
h with a bb pair. 

To complete the profile of the Higgs bosons their self-couplings have to be measured. The 
knowledge of the Higgs self-interactions allows the reconstruction of the Higgs potential and 
thus the experimental verification of the Higgs mechanism. In this thesis the theoretical 
framework has been set up for the measurement of the trilinear Higgs couplings. They are 
accessible in double and triple Higgs production. The processes for SM Higgs bosons in the 
intermediate mass range and for MSSM Higgs particles turn out to be small at e+e^ linear 
colliders. Although at the LHC the cross sections are larger, the signal is confronted with a 
large QCD background. The extraction of the Higgs self-couplings will therefore be easier in 
an e+e~ environment where the background is significantly smaller. For high luminosities, 
the trilinear self-coupling of an intermediate mass Higgs boson can already be measured in 
the first step of a linear collider, i.e. at cm. energies of 500 GeV. High 6-tagging efficiency 
provided, the experimental accuracy in Xhhh will be ~ 20%. 

The MSSM with five physical Higgs states includes six trilinear Higgs couplings among the 
neutral particles and many more quadrilinear self-couplings. The trilinear couplings are in- 
volved in a large number of processes at e+e~ linear colliders and the LHC. In e+e~ collisions, 
the coupling among three light Higgs bosons h can be extracted from continuum produc- 
tion. Apart from the decoupling limit, this coupling differs strongly from the corresponding 
SM value. The remaining couplings among CP-even Higgs bosons will also be accessible, 
though in a smaller range of the basic input parameters Ma and tan/5. The trilinear cou- 
plings involving pseudoscalar Higgs states are small in the MSSM and the measurement of 
double and triple Higgs production processes will impose upper bounds on the size of these 
couphngs. At the LHC, the signal is plagued by an enormous QCD background. Resonant 
decays H ^ hh provide a means of extracting the Hhh coupling. The measurement of 
the other couplings will be more difficult since they have to be extracted from continuum 
production. 



Appendix A 
Scalar integrals 



The integrals that turn up in the calculation of the virtual corrections to the interference 
cross section in bb production in subsection p.3.1| are listed in this appendix. With = 4 — 2e 

(A.l) 



and the definitions, given in subsection |3.3.1 



and 

ti = t — ml 
the scalar 2-point integrals read 
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(A.4) 



with = t. The e-poles in the two-point integrals are due to UV singularities. The final 
result depends on two different combinations of the above 2-point integrals: 



B{s) = B,is) ~ B2{ml) 
B2{ml) is given by 



Bit) = B2it) - B^iml) 
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Scalar 3-point integrals: 
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with pi + P2 + P3 = 0, pI = s, pI = ml and p| = m^. 
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with pi + P2 + P3 = 0, Pi = pi = and p| = 0. 
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with pi + P2 + P3 = 0, p^ = 0, pi = and p§ = s. 
Scalar 4-point integral: 
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(A.IO) 



(A.ll) 



(A.12) 



with pI — 0, pI — 0, p| = ml and p| = m^. The e-poles in Ci(s) and D{s,t) are IR 
singularities due to the massless gluon exchange. The integrals Ci{u) and B{u) are given by 
Ci{t) and ^(i) after replacing t with li. 



Appendix B 

Double Higgs-strahlung processes 



In this appendix the cross sections for the pair production of the heavy MSSM Higgs bosons 
in the Higgs-strahlung processes, e~^e~ ZHiHj and ZAA with Hi j = h, H, are depicted. 
The process e+e~ ZHiA involves only gauge couplings at tree level. The notation is 
the same as in subsection |5.1.1| and the trilinear couplings have been given in section ^ 



Modifications of the MSSM Higgs-gauge couplings with respect to the SM are determined 
by the mixing parameters: 

VVh: di= sin(/3 - a) VVH: ^2= cos(/3 - a) VVA : 4= , . 

VAh: Ci=cos{(3-a) V AH : C2= - sm{(3 - a) WAH:c^=l ^ > 

for V = Z and W . Except for WAH, the Higgs bosons are neutral. 
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The double differential cross section of the process e+e 
can be cast into the form 



ZHiHj for unpolarized beams 



da[e~^e 



ZHiHj] 



dxidx2 



384 7r3s {l-fizf 



(B.2) 



Using the variables y 1,1/2, Vs defined in subsection |5.1.1| , and the scaled masses /ij = MjjJ s, 
fJ'ij = l^i — l^j, etc., the coefficient Zij in the cross sections can be expressed as 



Zij 



0.i 



+ 



% /o + Y 

4/iz(|/i + /ijyi) 



didjf^ ^ CiCjfz 



fl , /2 



+ 



{didj] 



fl 



f2 



+ 

yi + f^iA y2 + f^jA 



d'i dj Cj 



+ 

yi + fj'iz y2 + fj'jz, 

fl , /2 



+ \ iyi,f^i) ^ (1/2, Aij) 



yi + fj'iz y2 + fj'jz 



(B.3) 



with 



dlXhHiHj ^ d2XHHiHj 
1/3 - ^J'1Z VS - fJ'2Z 



2 di d j 2 d'i d j (5^^ 7 

H \ h — 

2/1 + A^iz 2/2 + fJ^jz fi'Z 
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The coefficients /o to /a are given by 
/o = /iz[(2/i + y2)' + 8/iz]/8 

- 4yUi)(l - - /i| + (/ii - - 2) + 1 - Ani] 

+ - /ij)[8/ii(-yi - fiz) + 2yifiziyi - 2) + 2/iz + 2yi{yi - if] 

/2 = + /iz - z/i - ^2 - - (1 + iJ'z)yiy2] (2 + 2/iz - 1/1 - y2) 
+yiy2[yiy2 + /i| + i + 4/^^(1 + ^z)] + 4/ii;U2(i + + 4/^^) + /i| 

-2(/ii - /ij)^ - {fii - fij f[y2{yi - 1) + 10/iz + 4/ij + 3i/i - 1] 
+ - iJ,j)[iJ,zi2{-yiy2 -yi- 8/ij) + 6(/i2 + 1 - ys)) 
+l/i((z/2 - 1)^ - + 1/2)) + 1/2(1/2 - 1) - 4^j(i/i - 1/2)] 
/s = yi(i/i - -yi) - 1/2(1/1 + l)(yi + 2/iz(/iz + 1 -4/ii) 

+2(/ii - /ij)^ - (/ij - fij) [1/2 + 1/1 - 3i/i + 1/11/2 - 4/i2] (B.5) 

Resonance contributions are accounted for by replacing the propagator products with 
7ri(/ii)7r2(yUj) Re {ni(jj^)7r2(ji*)} where fXi ^ fXi - iji and 7^ = MhThJs. For i = j = 1, 
the expressions eqs. (|5.11| - ^TT3D for the process e^e' Zhh are obtained. 



B.2 e+e- ^ ZAA 

The differential cross section of the process e"*"e~ ZAA can be obtained from Eq. ( p.2| ) 
with Zij = Z33: 



33 



„2 , ^^33 

^^33 J0 + 



(^1 



+ 



<-2 



2 Ll/i-/iiA 1/1 -/i2A. 



/3 



4/iz 
1 



- + — — 

yi-fj^iA 1/1 -/i2A 



4/i^ 



.1/1-yUiA yi-l^2A 



i + ^ 

.1/2 -/ilA y2-^2A, 

/l + i 1/1 ^ 1/2 



/2 



where 

033 



1 



.1/3 -/^IZ 1/3 -/^2Z. 

The coefficients /o to /s are given by (|B.5D after replacing /ii, /i2 with /i^. 



(B.6) 



(B.7) 



Appendix C 

Triple Higgs boson production 



In this appendix the cross sections for the triple Higgs boson production of MSSM Higgs 

bosons, e~^e~ AHiHj and e~^e~ AAA with Hi j = h, H, are hsted . Due to CP- 
invariance the process e'^e~ —>■ HiAA does not occur at tree level. 



C.l 



AHiHj 



In the same notation as above, the double differential cross section of the process e+e^ 
AHiHj for unpolarized beams can be written as: 



da 



dxidx2 768v/27r3s (1 - /^z) 



21- 

2 



with the function 21. 



ij 



21 = 



A, 



+ 

2/3 - AtlA 2/3 - At2A 



go + 



X2 ^2 



X2 .■2 



(?/l + /^iA)^^^ ^ (y2 + /^ja)^^^ 



+ 



rf2 + 



X 



+ 



(yi + /^iz)^ (y2 + t^jz)' 

\ 5*3 H \ 5'3 + 

2/1 + /^iA y2 + l^jA 

^HiAA^HjAACiCj 



92 + 



A 



hHiHiCl 



y3 - /^lA 



+ 



A 



Cjdi 



{yi + fj'iA){y2 + i^ja) 

^HjAACiCjdi 
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yi + i^iz 

CiCjdidj 



94 + 



HHiHjC2 
ys - /^2A 

9'4 



Cidjj 



+ 



(2/1 + ^.z)(l/2 

iAACiCjdj 



y2 + i^jz 

9s 



(2/1 + /iiA) {yi + i^iz) {y2 + i^ja) (2/2 + i^jz) 



^H^AAcfd 



{yi + ^iiA){y2 + i^jz] 

The coefficients gk read: 

S'o = /^z[(yi + ^2)^ - 4//a] 

5-1 = - 2yi - A/ii + 1) 

2 



^HiAAC^jdi 



{y2 + i^jA){yi + i^iz) 



9', 



9i 



(C.l) 



(C.2) 



92 = /^z(2yi + yi - 4^2 + + 4yiy2 + 1 + 4//^ - 8//^- - S/x^) + (/^j - /^a)' 
[8 + (-2yi + _ 4^. + 1)/^^] + 2(//,- - //a) (22/1^2 + y? + 2^2 - 1) 
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93 = 2fiz{yl + yiy2-yi + y2 + '2fij -2fii-2fiA) 

94 = 2//z(yi -y2 + yl + 2yl + 3yiy2 - 2//j + 2//j - 6//a) 

+2{iij - [iA){-y\ + y2 + yf + ym + 2/ij - 2ixa - 
5'5 = 2iiz{yi + y2 + yiy2 + 2iij + 2i^i,-2i^iA-i) 

96 = 2/iz(|/i + 27/11/2 + 2|/2 + 4/ij - 1) 

+2(fi,-^iA){yl-2yi-4fi^ + l) 

97 = 2[iJ,zi2yl + yiy2 + y2-5yi + 2iJ,j~6iJ,,-2fiA + l) 

+ - fJ,A){yi + 1/2 + 1/11/2 + 2flj + 2//i - 2/i^ - 1)] 

gs = 2{iJ,ziyi+y2 + 2yl + 2yl + 5yiy2-l + 2ij,j + 2ni-10ij,A) 

+2(/Xj - HA){fJ'i - - ^A- 2y2 + 1) + 2(/ij - - 3/^^ - /x^ - 22/i + 1) 

+ - + yi)iy2 + 2yi - l)iJ,z + 2i4 + Aix\ + HA- l^i) 

+ - + 1/2) (l/i + 2i/2 - + 2/iJ + + /iA - /ij) 

+ 6/^A(/^i - fiifij) + (/^i - - + + y2)]/l^z} (C.3) 

and 



^2, t^h 1^3) = ^fc(2/2> yi> ^i) 



(C.4) 



Appendix D 

Heavy Higgs production in W^Wi 
fusion 



The amplitudes and cross sections for pair production of CP-even Higgs bosons in the 
longitudinal W approximation WlWl HiHj, as well as for WlWl A A are presented 
in this appendix. The notation is the same as in section |5.1.2| . 



D.l 



HiHj 



WlWl ^ ...... 

The amplitudes for the process WlWl H^Hj are given by: 



M 



LL 



71" 



w) 



5ii + 



dj^ dj 



w 



\ij cos 9)"^ 



+ 



CiCj 



COS 9 — xw 
r+ + {Pw 



\ij cos 9)'^ 



cos 9 



X -\ 



[s - Ml)/Ml + {s - Ml)/Ml 

rw + {I3w + Kj cos 9Y 

cos 9 + Xw 
r+ + {j3w + Xij cos 9Y 
cos 6* + x+ 



(D.l) 



where /ijj = Mfj, ,/s, Pw = (1 ~ 4M^/s)^/^ and A^- is the usual two-body phase space 
function, Af - = (1 — yUj — fi'jY — 4:fiifij. Furthermore, 



Xw = fJ'i- fJ'j)/ {Pw\j) 



(1 - /i, - /i, + 2M^±/s - 2M^/s)/{PwK 



rw 



■ - Pw - Pwif^i - f^jf 



(D.2) 



After integrating over the scattering angle, the total cross section of the subprocess can be 
cast into the form 



(Tll{H,H,) 



1 



A,; 



1 + 6,, 271S Pw{l - P? 



2(1 + 



+ 



di J 

PwK' 



6ij + 



6ii + 



w) 

XhHiHjdl 

- Ml) /Ml 

XhHiHidi 



+ 



+ 



XHHiHjd2 
XHHiHjd2 



[s-MD/Ml {s-Ml)lMl\ 



r 7 7 I +1 



CiCj 

PwKj 
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a+ + 4 



diq^ di J ^ J 



(D.3) 
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with 



-.w 



[{xw\j - (^wf + rw] log , \ + 2Xij{xw\j - Ww) 

Xw + -1- 



1 1 xw-l 
— log 

Xw Xw + 1 



x'^XiA'iXi^xi^ + 2rw + 14/3^) 



-Ww + fw) - ^Xij(3wXw{^\jXw + (^w + fw) 



x 



w 



- [XliX^x'^w + 4/5^ - ^Kj^wf^w) - {0w + rwf] 



XI — X- 



log 



iC^y — 1 r 



w 



2Pw\jXw[iPw + Xw^lj)i^w + x+) + xwTw + a:+r+] 



+ 1 

2 . 

+ A J [Ajx+xvy - 2/3iyAij(xw' + x+) + 4/?^] 



-a;+(r+ + r,y + A^ + A^^ x^) - /3^(a;+/3^ + 4A- a;^ + x+x^^X^ 



I] J 



aY {xw x+ , rw r+) 



(D.4) 



D.2 WlWl AA 

Since there are only a few diagrams involved in the process WlWl — > AA and since the 
masses of the final state particles are equal, the amplitude and cross section adopt a much 
simpler form for pseudoscalar Higgs bosons: 



M 



LL 



Gps 

71" 



w) 



1 + 



A/,„LI<'^1 



XllAA'h 



[s-MD/Ml {s-Ml)/Ml^ 



+ 



(5w(^/ 



{f3w - Pa cos ey {Pw + Pa cos 9) ^ 



cos 9 — xa 



cos 9 + Xa 



with 



PA^{l-^Ml/sy/^ and xa^{1-2MI/s + 2MIj±/s-2M^/s)/{PwPa) 
The total cross section for the subprocess WlWl — > AA may be written as 



(D.5) 



(D.6) 



<Jll{AA) 



P^ 



XhAAdi 



XHAAd2 



+2(1 + /?^) 
1 



1 + 



XhAAdi 



is - MD/Ml {s - MDIMI 

XHAAd2 



[s-Ml)/Ml {s-Ml)/Ml 



(D.7) 



PwP/ 
Xa 



{xaPa - Pwf log ^^-4 + '^Pa{.xaPa - 2Pw) 
xa + 1 



+ 



P\Pw 



X 



log ^— - [^P\xa{PaXa - 2Pwf + Pwi2PlxA - APwPa - Pw/^a)] 
Xa + -1- 

--^ pxlPl - 2P\ + PI){PaXa - 2Pwf + Ph{P\x\ - 3/3^)] ) ] 
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D.3 Asymptotic energies 

In the high-energy hmit the leading part of the WW fusion cross sections does not depend 
on the trihnear couphngs HiHjHk or HiHjA. After convolution with the W luminosities, 
however, the dominant contribution to the Icptonic cross sections e'^e~ — > UeUeHiHj and 
AA stems from the threshold regions, independent of the e+e~ energies. These processes are 
therefore also in the high-energy limit in leading order sensitive to the trilinear couplings. 
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